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Foreword

The purpose of this study was to assess the susceptiblity of graphite-epoxy tube specimens,
representative of Space Station truss elements, to damage and failure by hypervelocity
impact. A second purpose was to determine the effect that tube properties, such as ply
orientation, fiber elastic modulus, wall thickness, and surface coatings, have on the

extent of impact damage. The study was conducted between April 1986 and February
1988 through a Lockheed Engineering and Management Services Company subcontract for
the Space Sciences Branch of the Solar System Exploration Division at the NASA Johnson
Space Center.

Mr. Burton G. Cour-Palais was the NASA technical monitor for this study. Mr. Glen
Jolly was the Lockheed contract administrator. Excellent hypervelocity impact test
support was provided by Ms. Jeanne L. Crews (NASA JSC) and Lockheed personnel assigned
to the JSC Hypervelocity Impact Laboratory: Mr. Thomas Thompson, Mr. Kenneth Oser,
and ,Mr. Earl Brownfield. Additional impact testing was carried out by the NDE Technology,
Inc. nypervelocuy test tacility in Torrance, California. John R. Mastandrea and Christopher
A. Lorenze were NDE supervisors of this activity.

Structural testing of the graphite-epoxy tube specimens was coordinated by Dr. Lubert
I. Leger (NASA JSC), Mr. Calvin Schomburg (NASA JSC), and Mr. Ike Spiker (Lockheed).
Technical advice was provided by Mr. Orris E. Pigg (NASA JSC). Ms. Beatrice Santos-

Mason (NASA JSC) coordinated the application of aluminum coatings on selected tube
specimens.

Ultrasonic C-scans of the targets prior to and after impact were graciously provided by
Dr. Ching H. Yew and graduated student Mr. Chung Y. Wang from the University of Texas.

Graphite-epoxy tubes and flat plates were produced by Amoco. Additional tube specimens
were donated by Morton Thiokol, McDonnell Douglas, and Sikorsky Division of United

Technologies. Hercules, Inc. performed an analytical failure analysis of a damaged tube
with finite element models.

Mr. Eric L. Christiansen was the Eagle Project Manager. Technical contributions were
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1.0 Executive Summary

On the average, every square meter of the space station truss will be subjected to 335

impacts per year from 0.01 mm and larger meteoroid and orbital debris particles. The

objectives of this study were to I) determine how susceptible the truss tubes were to

failure from hypervelocity impact, 2) assess how tube properties (such as ply orientation,

fiber elastic modulus, wall thickness, and surface coatings) affect the extent of impact

damage, and 3) assess how projectile parameters (size, density, velocity, and impact obliquity

angle) affect target damage.

The study involved hypervelocity impact testing using light gas guns at the NASA Johnson

Space Center (JSC) and at NDE Technology, Inc. in Torrance, California. Aluminum,

glass, and nylon projectiles from 0.55 mm to 4.4 mm diameter were launched at velocities

ranging from 4 to 7.5 km/sec. Data from 58 shots was used in the correlation analyses.

Most of the shots were made at an impact angle normal to the target surface (0" obliquity).

Unavoidable aiming dispersions resulted in impact obliquity angles of up to 40" for some

of the tube shots. Intentional oblique impact shots were performed on selected tube

specimens at a 45" angle to the longitudinal axis and 45" to the axis defined by a radius

connecting the tube center and impact point.

The materials and construction of the graphite-epoxy tube and flat plate targets were

chosen to be representative of potential Space Station truss structures. They were

manufactured from unidirectional plies and were constructed with three different layups,

two fiber elastic moduli (34M psi and 75M psi), and three thicknesses (nominally 0.07", 0.11 ",

and 0.14"). Candidate coatings for atomic oxygen protection, 2 mil and 6 mil aluminum

foil, were bonded to selected tubes for impact testing. Additional tubes, including some

made by filament winding, were donated by other companies for comparison purposes.

The results of the impact testing revealed that fiber modulus influenced the magnitude

of hypervelocity impact damage to a greater extent than ply orientation. Targets with

low modulus (34M psi) fibers exhibited peeling of the surface plies near the impact point

while high modulus (75M psi) targets did not peel. Although surface peeling is not

expected to significantly affect tube mechanical properties, the 2 mil aluminum coating on

low modulus tubes peeled in a similar manner to uncoated tubes. The 6 mil aluminum

coating resisted peeling to a greater extent. Larger holes in both walls were created in



the high modulus tubes compared to similar impacts into low modulus targets. Both low

and high modulus targets experience approximately the same size of internal delaminations

and damage around the impact point and on the second side of tube specimens as revealed

by ultrasonic scans. The ultrasonic scans, or C-scans, are non-destructive tests that

record the location of internal faults and ply damage greater than 1 mm 2 area. Differences

in ply orientation made no notable difference in the overall area of impact induced

holes, craters, and C-scan damage.

Many specific correlations were developed from the impact test data to relate hole

size, delamination C-scan size, projectile energy, and other variables. A few of the key

derivations follow. For tubes with low modulus fibers (34M psi) and 0.07" thick walls,

an equation relating projectile energy, E (J), when E is less than 155 J, to combined first

and second wall equivalent circular hole diameter, Dhb (mm), is:

Dhb = 1.14 E 0"33 - 1.29

For E greater than 155 J:

Dhb = 4.54 E 0"33 - 19.5

The transition at projectile energies above 155 J to a steeper sloped curve results from

the greater damage to the second wail of the tube due to expansion of projectile and

target debris behind the first wall. Similar equations for high modulus (75M psi) fiber

tubes with 0.07" thick walls were developed. At projectile energies of less than 158 J:

Dhb = 1.424 E 0"33 + 0.034

And for E greater than 158 J:

Dhb = 6.281 E 0"33 - 26.22

The diameter of the combined ultrasonic C-scan region for both walls, Dcb (mm), was

correlated for high and low modulus tubes with projectile energy, E (J), projectile diameter,

d (mm), and tube wall thickness, t (ram). For (E * t/d) less than 230 J:



Dcb= 6.31(E * t/d)0"33- 5.72

And for (E * t/d) greaterthan230J:

Dcb= 15.5(E * t/d)0"33- 61.8

Theseequationsimply that a 1 mm orbital debris particle (2.8 g/cc, 9 km/sec) will create

a 3.2 mm hole mainly in the first wall of a 0.07" thick, low modulus tube and a 5.6 mm

hole in a high modulus tube. The same projectile would create a delamination zone in

both walls with a combined diameter of 24 mm.

The truss tubes will experience primarily axial loads on-orbit. An analysis of the critical

damage required to cause a space station tube to fail under the ultimate compressive

load was completed using a finite element model. It was concluded that a 5.4 in2 damage

area (hole and delamination zone) is required to cause failure of a baseline 0.07" thick,

5m long, low-modulus tube under a 2,100 lbf axial load. Using the above equations and

the meteoroid and debris environment models, it was estimated that a maximum of 5 tubes

on the Phase II space station would require replacement over a 30 year lifetime.

Based on this result, it is concluded that regardless of tube layup or fiber modulus,

graphite-epoxy tubes for the Space Station will be resilient to failure from hypervelocity

impacts. It is suggested that additional finite element modelling and scaled or full-scale

buckling tests of damaged graphite-epoxy tubes are warranted to confirm the predicted

damage size that will result in tube failure under ultimate load. It is also recommended

that damaged tubes be thermally and mechanically cycled to understand if the delamination

zone grows under cyclical loading. Crew procedures and non-destructive inspection equipment

will need to be devdoped to identify on-orbit those critically damaged tubes requiring

replacement from the many tubes with lesser non-threatening damage.



2.0 Introduction

The primary purposes of this study were to 1) understand what graphite-epoxy tube

properties effect the extent of damage from hypervelocity impacts, 2) determine how

damage is related to projectile conditions, and 3) provide a preliminary assessment of

the failure rate of Space Station struts from hypervelocity impact.

The expected number of impacts on the truss structure from meteoroid and debris particles

directly depends on the exposed surface area of the truss. Thus, the total number of

impacts will change as the Space Station grows. Section 3.1 describes the proposed

evolution of the Space Station through Phase I and Phase II. As explained in Section

3.2, impact induced failure of the truss or degradation of mechanical properties can

occur from a number of sources: 1) a single impact, 2) atomic oxygen attack on unprotected

surfaces, 3) multiple smaller impacts and delamination of protective surface coating, 4)

microcraking following impact, 5) delamination growth, 6) low speed impact, and 7) single

impact on a truss tube node. The expected number of impacts also depends on exposure

time, orbital altitude, and the attitude of the station. An impact summary on truss

elements; a description of the meteoroid, orbital debris, and atomic oxygen environments;

and the predicted number of perforations in atomic oxygen protective coatings are also

given in Section 3.2.

A brief description of the JSC and NDE ballistic ranges along with the impact test plan

is given in Section 3.3. The target parameters studied include fiber modulus, layup ply

orientation, wall thickness, surface coatings, and roll-wrap versus filament wound manu-

facturing technique. Target specimen property data is presented in Section 3.4. Section

3.5 describes the examination and testing procedures applied to the targets prior to and

after impacting, including determination of mass/dimensions, measurement of acoustic

velocity and modulus, structural compression tests, ultrasonic C-scans, and optical. (micro-

scopic) examination and measurement of through-hole and crater dimensions. Properties

of the projectiles used in the tests are given in Section 3.6. The flux and number of

impacts expected on the truss from equivalent sized meteoroid and debris particles are

determined in Section 3.7.

The results of the impact testing are presented in Section 4. Included are sections

describing the effects of projectile size and velocity, ply orientation, fiber modulus, surface



coating, target thickness, target shape (tube versus flat plate), projectile obliquity, and

tube manufacturing technique on the extent of target damage. A summary of all derived

correlations is given in Section 4.9.

Section 5 describes the groundrules and results of the truss failure criteria study. In

Section 5.3, the experimentally derived correlations and failure criteria results are applied

to predict the lifetime replacement rate of impact damaged truss tubes. Impact induced

peeling of the atomic oxygen protective coating is addressed in Section 5.4.

Study conclusions and recommendations are given in Sections 6 and 7, respectively. Appendix

A contains a detailed table of all shot data, ordered by shot number (chronological

order). The Hercules report on the truss failure criteria study is given in Appendix B.

All C-scan and structural test records are contained in Appendices C and D.



3.0 Hypervelocity Impact Test Conditions

This section describes tests conducted during this study including tests made prior to impact,

the impact tests themselves, and post-impact testing. The subjects of the testing were

graphite-epoxy (G/E) plates and tubes. Tube specimen ply layups and physical properties

were selected as representative of typical tubes for the Space Station truss structure. The

objective of the testing was to determine if differences in G/E ply layup, fiber elastic

modulus, target thickness, and surface coatings affected the amount of damage sustained

from high velocity particles. Damage as a function of projectile parameters (size, velocity,

impact obliquity angle) was also studied. This data was used to assess the effects of

orbital debris and meteoroid impacts on space station truss tubes.

3.1 Space Station Truss Structure

The space station consists of both pressurized and unpressurized elements held together

directly or indirectly as a station by the truss assembly element (6). First element

launch (FEL) is currently scheduled for January 1994 (5). As depicted in Figure 3-1, FEL

involves construction of 8 truss bays inboard of the alpha gimbal joint for the photovoltaic

(PV) array and another 3 bays containing the solar power module (SPM). The next

flight delivers the remaining truss needed for the second major assembly milestone,

man-tended capability (MTC). Figure 3-2 illustrates the MTC station configuration

which is achieved after the sixth assembly flight (January 1995). Additional primary

support truss structure is not added until after permanently manned capability (PMC) is

attained after the tenth assembly flight in October 1995. The PMC station is shown in

Figure 3-3. Truss bays are added with supplementary SPMs flown prior to completing

the Phase I station after the twentieth assembly flight in November 1996. The phase I

station contains 29 truss bays in a single transverse boom as depicted in Figure 3-4.

Growth to the phase 1I dual-keel station will triple the number of truss elements. As

illustrated in Figure 3-5, 18 truss bays are added to form the upper starboard and port

keels, 18 are needed for the lower starboard and port keels, and 18 for the upper and

lower booms. The solar dynamic power modules require another 10 bays. At completion

of the phase II station in May 1998 (7, p.J6-14), a total of 93 truss bays will have been

assembled.
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The baseline truss structure consists of an erectable series of 5 m cubic assemblies or

"bays" which contain longeron, batten, and diagonal elements as given in Figure 3-6 (8).

The longerons and battens are 5 m (16.4') long, and diagonals 7 m (23.2'). The truss tubes

are approximately 2.1" outside diameter to facilitate handling by EVA crew (corresponding

to the nominal grasp of a pressurized suit glove). Each additional bay requires 4 longerons,

4 battens, and 5 diagonals. Graphite-epoxy (G/E) is the baselined material for the tubes

due to its low coefficient of thermal expansion (decreasing payload pointing difficulties)

and high specific strength and stiffness (reducing mass) relative to aluminum altematives

(9, 10). The tubes are connected by truss nodes, the design of which has not been

selected. One particular joint design is a 3.7" diameter spherical aluminum ball with

screwed sockets for quick connect posts that interface with end fittings on the tubes

(10). The geometry of this design allows 18 mounting points per node for struts and 8

for payloads. This node concept could be either spherical or a 26-sided polyhedron (rhombi-

cuboctahedron). Typical phase "I space station nodes would join either 5 or 8 struts

while phase II nodes would connect 5, 7, 8, or 10 struts (or more with payload mounts,

etc.).

The space station orbit is near circular at an inclination of 28.5". Nominal operating

altitude can range from as low as 333 km (180 nm) at solar minimum to as high as 463

km (250 nm) at solar maximum (11). Assembly altitudes as low as 278 km (150 nm) with

reboost to assure minimum 90-day orbital lifetime have been allowed in previous program

requirements (11), however, this is apparently now under review (12). Maximum altitude

is 500 km (270 urn). Station flight mode before the first four assembly flights (September

1994) is in the "arrow mode," where the longitudinal axis of the transverse boom is

parallel to the station velocity vector (13, Attachment 3). After attitude control is

functional, the normal station flight mode will be in a local vertical-local horizontal

orientation with the transverse boom perpendicular to the orbit plane (parallel to the

Earth and perpendicular to the velocity vector). The dual keels of the phase II station

will be oriented in the local vertical direction.

Station altitude and orientation are important in assessing the vulnerability of the truss

structure to possible hazards. Atomic oxygen degradation is more severe at lower altitudes

and on forward or ram-facing surfaces (13-17). For instance, at solar minimum the

atomic oxygen fluence is two orders of magnitude greater at 300 km altitude than at

500 km. On the other hand, the orbital debris threat lessens at lower altitudes. The



flux of orbital debris larger than I rnm at 400 km is about 20 percent of the flux at 500

km (18). Truss orientation also affects the number of impacts due to the highly direction

nature of orbital debris. The next section describes potential truss threats in more detail.

3.2 Truss Failure Sources

In preparation for hypervelocity impact testing, possible sources leading to

the Space Station truss structure were considered (1) including:

failure of

1) Hyperv¢10city Impact. A single impact from a high speed meteoroid or orbital

debris particle that is large enough to remove sufficient material to cause the

truss element to fail immediately or when it is exposed to a mechanical load.

2)

3)

4)

5)

6)

Atomic Oxygen. Degradation from atomic oxygen which causes truss element failure

or reduces mechanical property margins below acceptable limits.

Multiple Impacts. A number of small impacts from high speed particles that erode,

delaminate, or removes a protective coating leading to subsequent failure.

Microcracking. Matrix microcracking of the graphite-epoxy which adversely affects

thermal expansion characteristics or other mechanical properties of the composite.

Delaminati0n Growth. Growth of delamination areas produced by previous damage

incidents to unacceptable levels by thermal or mechanical cycling during the lifetime

of the truss element.

LOw Speed Impact. Truss damage or failure from low speed impact during extemal

crew or remote machine activities.

7) Node Impact. Failure of a truss node from hypervelocity impact would result in

the effective simultaneous loss of several tubes.

This study will only address truss failure modes induced by meteoroid and orbital debris

impacts, including failure due to single hypervelocity impact on a tube (#1) or node



(#2), and the effect of hypervelocity impacts on typical coatings for atomic oxygen

protection (#1-3).

3.2.1 Truss and Node Impact Summary

The 5 m long longerons and battens have a surface area of 0.84 m 2 each while the 7 m

diagonals have a surface area of 1.2 m 2 each. Phase I space station has approximately

236 5m-struts and 146 7m-struts for a total truss surface area of 225 m 2. Figure 3-7

shows the number and size distribution of impacts from orbital debris and meteoroids.

For the 30 year lifetime of the space station truss structure (11, p.3-4), approximately 13

meteoroids and 8 orbital debris particles greater than 1 mm diameter would strike the

phase I truss. A 2.7 mm particle is the largest that is likely to hit the truss over 30

years (having a 0.37 probability of no impact, or 2 out 3 chance of striking a strut).

Orbital debris and meteoroid no impact probabilities as a function of particle size are

given in Table 3-1.

The phase II station truss has approximately 744 longerons and battens, and 465 diagonals

with a surface area of 710 m 2. As given in Figure 3-8 and Table 3-2, the phase II

truss would be impacted over 30 years by approximately 41 meteoroid and 25 debris

particles greater than 1 mm diameter. The largest particle likely to impact a strut on

the dual keel station would be 4 mm in diameter (having a 2 out of 3 probability of

impact).

Phase I space station has approximately 120 nodes with a surface area of 3.3 m 2 assuming

a 9.4 cm diameter spherical joint. Phase 1I has approximately 372 nodes with a total

surface area of 10.3 m 2. Based on the phase 11 node surface area and assuming as a worse

case zero shielding from the truss struts, Table 3-3 lists the number of meteoroid and

debris impacts on the phase 11 truss nodes. Over 30 years, a 1 mm diameter or larger

particle is likely to impact a node (2 out of 3 chance of impact). The probability of

impact drops to 3 percent for a 3 mm or greater particle. Using an empirical penetration

model developed by JSC for aluminum on aluminum impacts (24), an impact by a 3 mm

diameter orbital debris particle would create a crater 7 mm deep into an aluminum node,

or less than 10 percent of the node diameter (see Table 3-4). The node diameter is

estimated to be 5 times greater than the minimum diameter to prevent spall damage

from the rear of the node. Although the test plan did not include a study of node



failure, this analysis indicates the damage expected from the worst case impacting particle

will not cause complete failure of a truss node (releasing all tubes). Experimental impact

tests in a later test phase should be included to confirm this.

3.2.2 Meteoroid Environment

The meteoroid environment in the impact analyses of the previous section used the

NASA recommended meteoroid model (19, 25) with an assumed orbital altitude of 500

kin. The average near-Earth flux, Fme t (impacts/year/m2 surface area), of meteoroids with

mass Mme t (g) and larger is given by the following equations:

for Mmet>=10 -6 g,

Log(Fmet) = -1.22 Log(Mme t) - 6.911

and for Mmet<10 "6 g,

Log(Fmet) =-0.063 (Log(Mmet)) 2 - 1.58 Log(Mine t) - 6.841

The meteoroid flux is assumed omnidirectional although recent work (26) indicates directional

dependence exists for an orbiting object with a majority of meteoroid impacts on the

forward surface as viewed from the orbiter. Earth partially shields space station from

meteoroids and the equation used to multiplicatively compensate the meteoroid flux for

this effect is:

SF = (1 + cos (arcsin (R/(R+H))))/2

where the shielding factor SF (0.69 at 500 km altitude) depends on the Earth's radius +

100 km atmosphere (R=6478 kin) and on station height above atmosphere (H---400 kin).

Because meteoroids are attracted by the Earth's gravity field, the meteoroid flux is also

factored by a Earth defocusing factor, DF (0.97 at 500 kin), which depends on the distance

from station to the center of Earth in units of Earth's radius, r:

DF = 0.568 + (0.432#)
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Meteoroidsare assumedsphericalwith a typical density of 0.5 g/cc and relative collisional

velocity of 20 km/sec. The probability of no impact, P, is related to the impact flux, surface

area A (m2), and time t (yrs) by:

P = exp(-Fme t * SF * DF * A * t)

3.2.3 Orbital Debris Environment

The calculations in Section 3.2.1 used the

by:

1990's predicted orbital debris flux, Fd, given

for debris particles less than 1 cm diameter at 500 km altitude and 30" inclination (18),

Log Fd = -2.52 Log D - 5.46

and for particles greater than 1 cm,

Log F d = 0.352 (Log D) 2 - 1.358 Log D - 5.46

where Fd is the number of impacts from particles with diameter D (cm) and greater per

surface area A (m 2) per year on a randomly oriented surface. The flux of debris at 400

km altitude is lower than at 500 km as indicated by the following equation derived from

Figure 3-9:

Log Fd = -2.1 Log D - 5.9

The total number of debris impacts, Nd, and probability

using the 500 km flux with the following equations:

of no impact was calculated

N=Fd*A*t

P = exp(-F d * A * t)

Debris particles smaller than 1 cm are assumed spherical with an average mass density

defined as 2.8 g/cc (expected to be the same as aluminum). For 30* inclination orbits,

average debris velocity is 9 km/sec.
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Debris particles are highly directional, appearingto an orbiting spacecraftto come from
directions in a 180" arc centeredon the spacecraft'svelocity direction (forward direction)

and impacting almost entirely within the plane parallel to the Earth (at space station

altitude, objects with elevation angles greater than ~10" to local horizontal will enter

the atmosphere). The directionality of debris and the fixed orientation of the space

station truss means that a greater areal impact density (impacts per area) will occur on
forward surfacesof the truss struts. Due to the fixed positions of the struts, the total

number of impacts calculatedby the aboveapproachusing total surfacearea is an approx-
imation of the actual number of impacts from orbital debris. An integrateddebris flux
that is corrected for the strut orientation to the debris distribution and flight direction

would be slightly lower than calculated above except for struts aligned in the local
vertical direction. The directional effect was not included because station attitude

changesduring assemblyfrom the arrow flight mode (one year) to the nominal operational
attitude. However, the effect of this correction on predicted total debris impacts on

the truss is expected to be less significant than the effect of station altitude variation

from the 500 km debris model. The predicted debris impact total is therefore conser-

vative in that the nominally lower station altitude than 500 km will reduce the actual

debris flux.

Shelf-shielding of the truss struts from the directional debris flux will reduce to some

extent the exposed area of truss to impact. However, this may not be significant. For

instance, only a 0.5" station pitch angle is required to place all longerons on different

planes (and thus fully exposed to the planar debris flux).

3.2.4 Atomic Oxygen Attack

Atomic oxygen interactions with organic and some metallic materials in low Earth orbit

have resulted in material recession, degradation of optical and thermal coatings, and

conversion of conductive coatings to nonconductive oxides. In general, materials containing

only carbon, hydrogen, oxygen, and nitrogen have high reaction rates. Silicones and

fluorinated polymers such as Teflon are basically stable. Metals, except for silver and

osmium, resist atomic oxygen erosion. The primary effects are found on the forward or

ram-facing surfaces of susceptible materials (13-17). Given an average annual atomic

oxygen fluence of 1.09E21 atoms/cm 2 and a 2.6E-24 cm3/atom graphite-epoxy reaction
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efficiency, unprotected ram-facing space station truss surfaces will experience a 0.012"

material recession rate over a l l-year solar cycle. Approximately 50 percent of the

wall thickness for a 0.066" thick graphite-epoxy tube would be lost over the 30 year

lifetime of the station. Thus, space station graphite-epoxy truss tubes will be protected

by a suitable coating from atomic oxygen attack and ultraviolet radiation degradation.

Candidate coatings include aluminum, teflon, and conductive ceramic overlays. Teflon is

a marginal coating material because studies suggest that teflon suffers from ultraviolet

embrittlement (10, p.3-128A) and because it does not prevent large thermal gradients

around the tube circumference. Ceramic coating materials may lack ruggedness. Other

candidate coatings include thin aluminum foil (0.002"-0.006") bonded to the tube, and vapor

or sputter deposited aluminum and ceramic (alumina/silica) films. An aluminum foil

surface would be treated (anodized) for thermal control and to reduce sun glare. A

0.006" aluminum coating contributes over 10 percent to the overall areal density (mass/unit

area) of a 0.066" graphite-epoxy/coating combination.

Because the truss will be subjected to numerous meteoroid and debris impacts, the coating

must resist impact induced delamination or tearing as well as erosion from the cumulative

small particle flux over the 30 year space station lifetime. Coatings must also be resistant

to handling damage, low-velocity impacts, and any possible deleterious effects from

translation of or operations from the mobile servicing center. Two coatings, 0.002" and

0.006" bonded aluminum as described in Section 3.4, were tested in this study to determine

their hypervelocity impact characteristics.

3.2.5 Predicted Perforations in Truss Protective Coatings

Tables 3-5 through 3-8 indicate the number of perforations expected from meteoroids

and debris for soft and hard aluminum tube coatings of two different thicknesses.

Results are summarized below:
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Aluminum Thicknes_

Perforation Flux (#/m2/yr)

Meteoroid_ Debri.s Combined

Total Perforations over

30-year Lifetime on ea:

5-mTube 7-mTube

Perforation

Density

(#/cm 2)

Soft Aluminum:
AI 1100-0 0.002" 39.6 13.5 53.1 1,334 1,868 0.159

0.006" 5.6 1.1 6.7 168 236 0.020

Hard Aluminum:
Al 2024-T3 0.002" 19.9 5.1 25.0 629 881 0.075

0.006" 2.3 0.4 2.7 69 97 0.008

The particle size that creates a crater deep enough in the aluminum coating to expose

graphite-epoxy was calculated from an empirical penetration equation for aluminum-on-

aluminum hypervelocity impacts developed by Cour-Palais and essentially duplicated by

Rockwell in Apollo era testing (24, p.265). The flux of orbital debris and meteoroids

having that critical size and greater is determined from appropriate environmental models

(18,19). These calculations indicate that a hard alloy can decrease the perforation flux

by 50 percent over a soft aluminum coating, while thicker aluminum has an even more

pronounced effect on the number of perforations.

Tables 3-5 through 3-8 also show results of a preliminary analysis indicating that there

is little likelihood that a large enough portion of a typical aluminum coating would be

removed by hypervelocity impacts to result in tube failure from atomic oxygen attack.

(The only exception is the thin, soft aluminum coating.) As described in Section 5, a

2.6 cm diameter area must be removed from a 5m long strut to produce buckling failure

under design loads. The time required for meteoroids and debris to expose a cumulative

area equivalent to the failure criterion (5.4 cm 2 damage area) was calculated (assuming no

peeling or delamination of the coating). 32 years was the minimum time calculated for

the 2 rail Al 1100-0 coating, after which all tubes are predicted to have cumulative

exposed areas equal to the failure criterion. Given the inherent uncertainity in these

calculated predictions, it appears that a 2 mil soft aluminum coating would provide inadequate

atomic oxygen protection unless impact damage was repaired sometime during the 30

year lifetime.
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3.2.6 Matrix Microcracking

Matrix microcracking of the composite G/E truss tubes is a concern because of its potential

adverse effect on the thermal stability of the tubes (28). The large difference in thermal

expansion between the graphite fibers and the epoxy matrix is a major contributor to

matrix microcracking in composite structures (29,30). The truss tubes will go through

approximately 175,000 thermal cycles during the space station lifetime due to its motion

around the Earth. Depending on the coating selected for the tubes, the thermal cycle

will be on the order of -100"F to 70"F for tubes periodically exposed to the sun. Micro-

cracking within graphite/epoxy composites can shift the coefficient of thermal expansion

because the matrix operates independendy of the fibers. Reportedly, microcracking does

not significantly change axial mechanical properties of composite tubes (28). Over the

long term, microcracking could effect the pointing accuracy of the space station. However,

because hypervelocity impact effects are localized, impact induced microcracking is considered

a secondary contributor in comparison to thermal cycling induced microcracking, and

was therefore not included in this study phase.

3.3 Impact Test Plan

The test program objective was to study certain aspects of hypervelocity impact failure

mechanisms in target specimens representative of space station truss tubes. In particular,

the tests were designed to develop a better understanding of hypervelocity impact damage

as a function of graphite-epoxy ply orientation, fiber moduli, tube thickness, surface

coatings, and projectile parameters (size, velocity, impact obliquity angle). Target and

projectile properties are presented in Section 3.4 and 3.6, respectively.

Impact tests were carried out in ballistic test laboratories at NDE Technology, Inc. in

Torrance California and at the NASA Johnson Space Center hypervelocity impact research

laboratory (HIRL). Most of the impact tests at NDE were conducted with a two-stage

light gas gun capable of launching 4.3 mm diameter sabot/particles to 7 km/sec.

JSC's HIRL contains two light gas launchers. The small light gas gun has a 1.7 mm launch

tube bore and is capable of launching 5 mg nylon slugs (L/D = 1) at 8.5 km/sec. The

medium light gas gun has a 4.3 mm bore and is capable of launching saboted 1/8" aluminum

spheres (45 mg) at over 7 km/sec and 73 mg nylon slugs (L/D = 1) at 7.4 km/sec.
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Additional details of the capabilities for these two launchers are described in another

report (20). Only the medium light gas gun was used in this study. A valuable diagnostic

tool at JSC's HIRL is a Model 330 IR, high-speed framing camera manufactured by the

Cordin Company. This rotating-mirror camera operates at one million frames per second

with a 5 nanosecond exposure time (21). In past studies it has been used to determine

ejecta (particles released from front surface of target) and spall (particles produced

from target back surface) velocities and dispersion angles, and to cross-check projectile

velocity (22, 23). In this study, it was used to verify that a shot was "clean", i.e., that

just the projectile and no secondary particles (such as fragments of sabot, shear plate,

or gun powder debris) hit the target, or to provide clues to the problem if the shot is

not clean.

The mass, dimensions, and sonic velocity of all test samples were measured and ultrasonic

C-scans recorded prior to impact. The longitudinal elastic modulus in compression for

selected tube specimens was determined in structural tests. Hypervelocity impact testing

was coordinated with NDE and JSC to determine: (1) the response of low modulus (6T)

and high modulus (liT) tubes to a range of particle sizes, (2) the response of all tube

layups to the same particle impact conditions, (3) the response of different surface

coatings to the same impact conditions, (4) the effect of tube thickness, (5) the response

of fiat plates to the same particle impact conditions used on the tube with the corres-

ponding layup and moduli, (6) the response as a function of projectile obliquity. The

extent of target damage was determined optically and ultrasonically. Pre-impact and

post-impact testing is described in more detail in Section 3.5.

3.4 Target Specimens

Graphite-epoxy (G/E) tubes and plates for this study were procured from Amoco in three

different ply layups, two fiber elastic moduli, and three tube wall thicknesses as given in

Table 3-9. Specifications for the Amoco G/E specimens called for the resin system to

be selected from the MY720/DDS family (Amoco elected to use a specially formulated

ERLX-1916 resin system) which would have a final cure temperature of 300"F for a minimum

of 1 hour. Both fiat and tubular specimens were cured using the same cure schedule

(time, temperature, and pressure). The Amoco tubes and flat plates were constructed

from unidirectional prepreg tape containing approximately 60 percent by volume graphite

carbon fibers. The tubes were manufactured by wrapping unidirectional prepregs on a
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2" diameter mandrel at specifiedangles to the longitudinal axis. There was a 1" overlap

for every 2 layers to ensure a constant wall thickness around the tube circumference
(2). Therefore,due to the ply overlap, the tubeswere effectively 2 plies thicker than the

correspondingflat plate targets. Tube wall thicknesstolerancewas reportedly maintained
at+/-5% (2).

Each target was assigneda serial number. The 6T series of tubes contain low elastic

modulus fibers (34M psi) in a (+10",-I0",+30",-30",+10",-10",+10°,-10",+30",-30",+10°,-10")

ply orientation. This arrangementof plies will be abbreviatedas(+/-10,+/-30,+/-10)r,where

the "r" stands for repetition of the layup, or simply as a (10,30,10) laminate. For the

tube specimens,the ply angle is referencedto the tube's longitudinal axis. (Fibers of 0°

plies are aligned down the longitudinal axis, fibers in 90" plies would be aligned around
the tube's circumference.) Two tubes, 6s-T-1 and 6s-T-2, were constructedin a (+/-10,

+/-30,+/-10) symmetric layup pattem, or in long form: (+10",-10",+30",-30",+10",+10",-10",

+10",-30°,+30",-10",+10°). As will be discussedin Section 4, no significant difference was

found in the impact responsecharacteristicsbetween symmetric and repeating layups.

The same(10,30,10) symmetric layup with low modulus fibers was used in the 6F series
of flat plates.

To testpotential atomic oxygen protection coatings, thin aluminum foil (fully strain-hardened

alloy 1145-H19) was bonded to several of the 6T series tubes. 2 mil thick A1 1145 was

bonded to three tubes (6-T-4, 6-T-5, 6-T-6) while 6 mil thick Al 1145 was successfully

bonded to two tubes (6-T-6 and 6-T-9) in a vacuum bag process held at 250-350"F for one

hour (3). 2 mil coatings were applied by hand while a machine was used to apply the 6

mil aluminum. One tube, 6-T-8, was inadvertently crushed during the machine application

process. Cracks, 180" apart, formed down the tube's entire length (6"), a quarter turn

from the initial aluminum application point. For all tubes, the aluminum coating was

chromic acid anodized on both sides before application to the tubes. Adhesive film, 3-5

mil thick uncured, was used to bond the aluminum to the G/E tube. A modified epoxy

adhesive similar to American Cyanamid adhesive FM-73 was used (0.015 g/cm 2 @ 0.13

mm thick). JSC structures coordinated the coating application effort with Boeing (Seattle,

Washington) actually applying the coatings (3). Three other tubes (6-T-10, 6-T-11, and

6-T-12) were turned over to JSC structures for testing applications of other atomic

oxygen and thermal protection coatings such as aluminum by an ion assisted vacuum
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deposition process. Only the aluminum bonded tubes (6-T-4 through 6-T-9) were included

in the hypervelocity impact testing of coated tubes.

High modulus fibers (75M psi) were used in the liT and I1F series of tubes and plates.

Both symmetric and repeating (10,30,10) tube layups were constructed, differentiated by

1 lsT and 11T serial number designations, respectively.

Low modulus fibers in a (+[-80,+/-30,+/-10) layup were used in the 9F and 9T target series,

while high modulus fibers with the same layup were used in the 12F and 12T series.

Amoco replaced two faulty 9F plates with four 9sF replacements. Tubes with both

symmetric and repeating (80,30,10) layups were constructed, designated 9sT and 9T,

respectively. Only one 12T tube (12-T-2) remained after pre-impact structural tests

because 12-T-I failed under a 13,600 lbf compressive load.

Plates and tubes with low modulus fibers in a (+/-45,+/-10,+/-45) layup were included in

the test plan (10F and 10T series). Only fiat plate specimens with this layup and high

modulus fibers were available (13-F-1 and 13-F-2) since the tube specimens were rejected

due to manufacturing problems.

Thick-wall tube targets were produced in the (10,30,10) layup with low modulus fiber

laminae. The 7T series tubes were nominally 18 plies thick (excluding a 2 ply overlap)

and the 8T series tubes were nominally 24 plies thick (excluding a 2 ply overlap).

Other manufacturers donated tubes including Morton Thiokol, McDonnell Douglas, and

United Technologies (Sikorsky Division). The Morton Thiokol tubes represented two

different layups with high modulus fibers (75M psi). They were constructed in a roll-

wrap process using a high pressure cure cycle. A filament wound technique, using approx-

imately 1/8" wide rovings, was used to produce the McDonnell Douglas tubes. These

tubes had the same layup (10,30,10) and fiber modulus as the 6T series Amoco tubes.

Both the Morton Thiokol and McDonnell Douglas tubes were included in the test program.

Because the Sikorsky tubes were longer (48"), they were reserved for a later phase of

the hypervelocity impact program.
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3.5 Pre- and Post-Impact Target Examination

Before impact testing, targets were weighed, sonic velocity measured, and ultrasonically

inspected to reveal defects (>1 mm2). Compressive load tests were applied to a selected

number of tube specimens prior to impact testing to produce a baseline deflection/load

curve. Following the impact tests, the targets were reweighed, optically inspected to

determine the extent of damage (hole and crater sizes, area of surface ply delamination),

and ultrasonically scanned to reveal the extent of internal delamination and laminae

damage. The following sections describe the pre- and post-impact testing procedures in

more detail.

3.5.1 Massand Dimensions

Prior to impact and structural testing, the targets were weighed several times on a Sartorius

balance (0.00001 g precision) and dimensions measured using micrometer and caliper.

Average values are given in Table 3-10. Some targets were occasionally trimmed to

better fit the impact chamber. Therefore, for all JSC shots, targets were reweighed

immediately prior to impact and directly after impact using a Ohaus Galaxy 1200 balance

(accurate to 0.01 g). These masses are documented in the detailed shot data given in

Appendix A.

3.5.2 Acoustic Velocity and Modulus

Prior to impacting, the sonic velocity in the principal axes for all targets was determined

on an ultrasonic tester by Mr. Ike Spiker (Lockheed) as given in Table 3-11. Flat plate

sonic velocities were determined in all three orthogonal axes. For plates, the longitudinal

speed is referenced to the 0" ply orientation, radial speed is in the 90" direction, and

"ITI" for through-the-thickness speed. Tube sonic velocities were determined in the

longitudinal direction but not in the radial (circumferential) direction due to probe limit-

ations. Sonic elastic modulus was calculated from the product of density and square of

sonic velocity (with appropriate conversion factors). Calculated elastic moduli are listed

in Table 3-11. An average density of 1.55 g/cc was used for low modulus fiber composites

and 1.63 g/cc for high modulus fiber composites (4).
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3.5.3 Structural Tests

Structural tests were conducted prior to impact testing to:

1) Measure the longitudinal modulus of elasticity in compression on representative

tubes with 3 different ply layups and 2 fiber moduli.

2)

3)

Determine the difference in measured compressive modulus between tubes with the

same layup and fiber modulus.

Determine the variability in measured compressive modulus by repeated tests on the

same tube.

The elastic modulus for selected 6" long tube specimens was determined in compressive

load tests conducted by JSC structures. Loads up to 80 percent of the tubes predicted

ultimate compressive strength were applied (Table 3-12). An Instron strain gage extensometer

was used to measure resulting tube deflection. Elastic modulus was calculated from the

standard equation (27): E = P * L/(A * _i) for axial loaded members which relates modulus

of elasticity, E, to load, P, rod or gage length, L, cross-sectional area, A = rc * (ro 2

ri2), and deflection, 5. As given in Table 3-12, 11 tests with several repetitions each

for verification purposes were conducted on 10 tubes. Table 3-13 summarizes the results

of all structural tests. The actual records of deflection versus load for these tests are

contained in Appendix D. For all tests, the extensometer was zeroed at 2.1" gage length

and recorded as a positive signal for decreasing length.

The first test involved 10 repetitive loading and unloading cycles on a low modulus

10,30,10 layup tube (6-T-l) to test the repeatability of the procedure. The standard

deviation of the elastic modulus calculated from these tests was under 4 percent as

given in Table 3-13. The next test involved 8 repetitions on the same tube to determine

the effect of strain gage position. The extensometer was placed at the 0" longitudinal

reference on the tube and half-load (7500 lbs) was applied up and down. This sequence

was repeated after rotating the extensometer position 45* around the tube until the full

tube circumference was covered. The standard deviation of the calculated modulus of

elasticity was less than 6 percent. The purpose of the third test on 6-T-3 was to determine

the difference in modulus for a similar tube (6-T-I). As given in Table 3-13, the difference
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was small (2 percent). The test also indicated that locked heads on the load cell reduced

end damage to the specimens and other test problems. Later tests used locked heads

and tested each specimen at least twice, usually with the extensometer in the 0" and

180* positions.

The moduli of elasticity in compression determined in these structural tests are given in

Table 3-11 with the sonic velocity derived moduli and the vendor supplied moduli. These

moduli usually compare within a few percent with each other. No significant difference

in the elastic modulus of symmetric versus repeating ply orientations was found.

In a special test on a rejected tube (13-T-2), a circular hole was physically drilled into

one wall of the tube, and compressively tested. Subsequent test runs were made after

widening the hole. As summarized by the following results, a 1/4" hole was not detectable

by measured compression deflections or tube modulus. 1/2" and 1" diameter holes were

detectable but the compression tests suffered from several problems such as hysteresis

in the loading and unloading curves, wider differences (as hole size increased) in the

deflection curves when the strain gage was positioned over the hole or 180" across from

the hole, and tube bending (especially with a 1" hole) causing some end damage to the tube.

Tube: 13-T-2

Hole Size (in) Calc. Modulus (M psi)

0 12.2
0.25 12.1
0.5 9.6
1.0 7.8

Of the ten tube specimens structurally tested, two were broken during the tests. I I-T-I

failed prematurely after the tube shifted within the load cell due to non-parallel tube

ends and load cell heads. The tube was split its entire length in a spiral 30" angle.

Another tube, 12-T-I, failed at 13,600 lbs due to compressive force overload. The tube

was crushed completely around its circumference in a W-pattem. During hypervelocity

impact testing, the remaining 8 tubes were impacted at least once, and 4 were hnpacted

multiple times due to the limited number of tube specimens. Those impacted only once

were held in reserve for possible follow-up compressive testing to ascertain the effect

of combined hole/delamination on compressive stiffness.
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As described in Section 4, hypervelocity impacts into thin graphite/epoxy targets create

a hole 2-4 times the size of the impacting particle, with an area of delamination and ply

disruption surrounding the hole that is 10-20 times the projectile size. It was the original

intent of the structural tests to determine the effect of the hole and delaminated zone

combination on some mechanical properties of the tubes. A compressive test after impact

could be used to relate in a crude way the effect of delamination on axial rigidity (EA).

For instance, from the standard equation for deflection of an axial loaded member:

8 = P/E (Lud/Aud + Ld/A d)

where, 8 is the overall deflection of the tube across the strain gage, P is the compressive

load, E is the elastic modulus (assumed constant), Lud is the total axial length of the

undamaged portion of the tube across the strain gage (which can be measured from the

C-scan record), Aud is the cross-sectional area (_ * [ro2 - ri2]) in the undamaged region,

L d is the axial length of the damaged region (measured from the C-scan record), the

strain gage length L = L d + Lud, and A d is the cross-sectional area of the damaged

region. Thus, the damaged zone cross-sectional area is:

A d = (L d P Aud)/(E 8 Aud- Lud P)

The combined hole and delamination damage area is:

Ahd = Aud - A d

Assuming a circular damage area, the equivalent diameter of the hole and delamination

zone that represents true loss of tube cross-sectional area is:

Dhd = 2 [(Aud - Ad)/_] 0"5

Substituting for A d, the above equation becomes:

Dhd = 2 {lAud 2 8 E- L P Aud]/[_ (8 E Aud- Lud P)] }0.5

Thus, the combined circular hole/delamination zone that represents loss of cross-sectional

area can be found from known and measured quantities. This method results in a crude
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estimate of the equivalent hole size for a combination of hole and delamination from

compression tests. The method does not give any information on bending rigidity (EI)

of the damaged tube which is more important in assessing the critical buckling load.

The four tube specimens having only one impact hole (6-T-l, 6s-T-l, 9-T-l, and 10-T-l)

will however be made available, along with their C-scan records, for additional structural

testing as deemed appropriate. Other tests to consider include thermal cycle and axial

(compression) loading tests to determine if repeated thermal and mechanical loading will

result in flaw growth within the delamination zone, and perhaps compression tests on a

full length (5 or 7 m) tube with a 6" tube spliced into its middle. The end pieces and

splices would need to have the same EI as the undamaged portion of the 6" tube specimen.

Although the difficulties of working with short 6" tube lengths would make a splice test

extremely challenging, such a test has the advantage of directly measuring the buckling

load and failure mode of damaged tubes.

3.5.4 C-Scans

Ultrasonic scans of the tube and flat plate test specimens were conducted before and

after the impact tests by a University of Texas group under the direction of Dr. Ching

H. Yew using a Automation Industries M90 Reflectoscope and US 450A Series Laboratory

Scanner. This ultrasonic scanner resolves defects of 1 mm 2 or greater, and records

them as a blank area on the C-scan record. C-scan records are contained in Appendix C.

Plate scans used through transmission while tube scans used the pulse echo scanning

mode. Tube scans were composites of-0.19" wide longitudinal strips around the tube

(36 in all). Delamination areas were measured directly from the C-scan records of post-

impact targets. There was a one-to-one relationship between C-scan dimensions and

physical dimensions for the plates. While the length of each tube was the same as the

C-scan length, the circumference of the tube was not exactly the same as the width of

the scan, necessitating a small correction factor for this dimension (varied for each scan,

usually 0.95-1.05). Actual C-scan measurements will be given in Section 4.

3.5.5 Impact Damage Measurements

The projectiles used in this study produced a through hole, usually a defined crater, and

in some cases peeling and break off of surface plies. Dimensions of the through hole,
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crater, and surface peelings were determined by optical microscope on 10x or 25x magni-

fication as appropriate, or by 8x power lupe with integral scale. Actual values will be

discussed in Section 4.

3.6 Projectiles

Aluminum 2024-T4 spheres (density 2.796 g/cc) with diameters of 1/16", 3/32", and 1/8"

were used for the major part of the impact tests. Aluminum projectiles were individually

weighed and launched.

Because of preliminary difficulties in acquiring certain required small-diameter aluminum

projectiles for this study, glass was chosen as a practical substitute because its density

is nearly the same as aluminum's. The glass spherical projectiles used in the study were

procured from Duke Scientific Corporation (Palo Alto, California) in five nominal diameters:

0.55 nun, 0.756 ram, 0.938 ram, 1.067 ram, and 2.144 mm. Standard deviations were advertised

as 5.3%, 3.0%, 6.0%, 4.3%, and 4.6%, respectively, for the 1 g sample sizes procured.

However, it was found that a fraction of each sample actually resembled the next smaller

size category in weight and size, and apparently was introduced as a contaminate into

the sample vials. In addition, a fraction of each sample contained projectiles noticeably

oblong in shape. As necessary, off-nominal projectiles were screened and discarded.

The glass projectiles were made of standard soda-lime glass with a density of 2.45 and

softening temperature of 720"C. The 0.938 mm diameter and larger glass projectiles

were often observed on high speed camera films of test shots at JSC to break in-half.

Although the NDE ballistic test laboratory did not have similar diagnostic capability,

evidence of glass projectile break-up was also evident on returned targets. Shot data

with known or suspected glass projectile breakup problems was not used in the test

correlations discussed in Section 4. The aluminum projectiles used in the study did not

fragment before impacting the target.

In an effort to determine a particle size that would completely break a tube, a 4.4 mm

diameter x 4.4 long nylon cylinder (73 mg) was projected against a 6T series tube (0.064"

thick, 34M psi fiber modulus, [10,30,10]s layup). This particle represented the largest

projectile the JSC gun laboratory was capable of launching. As discussed in Section 4,

this particle did not succeed in breaking the tube specimen.
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3.7 Meteoroid and Orbital Debris Flux with Equivalent Size to Test Projectiles

The projectiles used in the impact test program generally represent a range of the

largest particle sizes expected to hit the phase I space station truss. The flux of meteoroids

and debris with the same diameter as the test projectiles is given in Table 3-14. The

mass of the test projectiles is essentially equal to an equivalent size debris particle

although the velocity of the test projectiles (<7.5 km/sec) was generally less than the

average debris velocity (9 km/sec). The energies of given diameter debris (average

velocity 9 km/sec, density 2.8 g/cc) and meteoroid (average velocity 20 km/sec, density

0.5 g/cc) particles are essentially the same. As given in Table 3-14, over 30 years the

phase I truss is likely to sustain approximately 5 impacts from particles with a diameter

equal to or greater than the 1/16" (1.59 mm) projectiles and only a single impact from a

3/32" (2.38 mm) diameter or greater particle. There is only a 1 in 5 chance in 30 years

that the phase I truss tubes would be impacted by a particle as large as the largest (4.4

mm) used in this study.
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Figure 3-1. Space Station First Element Launch (FEL) (Ref.6)
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Figure 3-2. Man-Tended Capability (MTC) Space Station (Ref.6)
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Figure 3-3. PermanentlyMannedCapability(PMC) SpaceStation(Ref.6)
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Figure 3-4. Phase I Space Station (Ref.6)
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Figure 3-5. Phase II Space Station (Ref.6)
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Figure 3-6. Baseline 5m Erectable Truss Structure (Ref. 8)
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Table 3-1. Orbital Debris and Meteoroid Impacts on Phase I Space Station Tubes

Meteoroid density (g/cc) 0.5
Debris density (g/cc) 2.8

Ave. meteoroid velocity (km) 20
Ave. debris velocity (km/s) 9.3

Strut Diameter (in) 2.1 (cm) 7 3.334
Longeron/Batten Length (m) 5 SA (m._) 0.838
Diagonal Length (m) 7 SA (m-) 0.184

Number Bays 29
Number Longerons & Battens 236 SA (m 2) 197.7

Number Diaggnals 146 SA (m-) 26.9
Truss area (m-) 224.6

Earth's radius (kin) 6378.145

Station orbital altitude (km) 500
Earth defocusing factor 0.968596
Earth shielding factor 0.688024

Station Lifetime (yrs) 30

Particle Particle Mass
Diameter Met. Debris

(ram) (g) (g)

0.01 2.62E-10 1.47E-09
0.05 3.27E-08 1.83E-07
0.1 2.62E-07 1.47E-06
0.5 3.27E-05 1.83E-04
1.0 2.62E-04 1.47E-03
1.5 8.84E-04 4.95E-03
2.0 2.09E-03 1.17E-02
2.5 4.09E-03 2.29E-02
3.0 7.07E-03 3.96E-02
3.5 1.12E-02 6.29E-02
4.0 1.68E-02 9.38E-02
4.5 2.39E-02 1.34E-01
5.0 3.27E-02 1.83E-01
5.5 4.36E-02 2.44E-01
6.0 5.65E-02 3.17E-01
6.5 7.19E-02 4.03E-01

Number Impacts
of given Diameter

Particle Flux and greater

Met.7 Debris Met. Debris
(#/m--yr) (#/30yr Life)

Total

Probability of
No Impact
Met. Deb. Total

2.1 IE+02 1.26E+O2 1.47E+06 8.48E+05 2.31E+06 0
1.85E+01 2.18E+00 1.28E+05 1.47E+04 1.43E+05 0
4.37E+00 3.80E-01
2.35E-02 6.59E-03
1.86E-03 1.15E-03
4.22E-04 4.13E-04
1.47E-04 2.00E-04
6.51E-05 1.14E-04
3.34E-05 7.21E-05
1.90E-05 4.89E-05
1.16E-05 3.49E-05
7.57E-06 2.59E-05
5.15E-06 1.99E-05
3.63E-06 1.56E-05
2.64E-06 1.26E-05

1.97E-06 1.03E-05

0 0

0 0
3.03E+04 2.56E÷03 3.28E+04 0 0 0

1.63E+02 4.44E+01 2.07E+O2 0 0 0
1.29E+01 7.74E+00 2.06E+01 0 0 0
2.93E+00 2.79E+00 5.71E+00 0.05 0.06 0.00
1.02E+00 1.35E+00 2.37E+O0 0.36 0.26 0.09
4.51E-01 7.69E-01 1.22E+00 0.64 0.46 0.30
2.31E-01 4.86E-01 7.17E-01 0.79 0.62 0.49
1.32E-01 3.29E-01 4.61E-01 0.88 0.72 0.63
8.08E-02 2.35E-01 3.16E-01 0.92 0.79 0.Ta
5.25E-02 1.75E-01 2.27E-01 0.95 0.84 0.80
3.57E-02 1.34E-01 1.70E-01 0.96 0.87 0.84
2.52E-02 1.05E-01 1.31E-01 0.98 0.90 0.88
1.83E-02 8.47E-02 1.03E-Ol 0.98 0.92 0.90
1.37E-02 6.92E-02 8.29E-02 0.99 0.93 0.92
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Table 3-2. Orbital Debris & Meteoroid Impacts on Phase II Space Station Tubes

Meteoroid density (g/cc) 0.5
Debris density (g/cc) 2.8

Ave. meteoroid velocity (kin) 20
Ave. debris velocity (kin/s) 9.3

Strut Diameter (in) 2.1 (cm) ? 5.334
Longeron/Batten Length (m) 5 SA (m_) 0.838
Diagonal Length (m) 7 SA (m-) 0.184
Number Bays 93
Number Longerons & Battens 744 SA (m 2) 623.4

Number Diaggnals 465 SA (m-) 85.7
Truss area (m-) 709.0

Earth's radius (k_m)
Station orbital altitude (kin)
Earth defocmdng factor
Earth shielding factor

6378.145
500

0.968596
0.687152

Station Lifetime (yrs) 30

Particle Particle Mass

Diameter Met. Debris

(mm) (g) (g)

Number Impacts
of given Diameter

Particle Flux and greater
Met. Debris Met. Debris
(#/m2-yr) (#/30yrlife)

Total

Probability of
No Impact
Met. De.b. Total

0.01
0.05
0.1
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0

2.62E-10 1.47E-09
3.27E-08 1.83E-07
2.62E-07 1.47E-06
3.27E-05 1.83E-04
2.62E-04 1.47E-03
8.84E-04 4.95E-03
2.09E-03 1.17E-02
4.09E-03 2.29E-02
7.07E-03 3.96E-02
1.12E-02 6.29E-02
1.68E-02 9.38E-02
2.39E-02 1.34E-01
3.27E-02 1.83E-01
4.36E-02 2.44E-01
5.65E-02 3.17E-01
7.19E-02 4.03E-01
8.98E-02 5.03E-01
1.10E-01 6.19E-01
1.34E-01 7.51E-01
1.61E-01 9.00E-01
1.91E-OI
2.24E-01
2.62E-01

2.11E+02 1.26E+02 4.62E+06 2.68E+06 7.30E+06 0
1.85E+01 2.18E+00 4.04E+05 4.64E+04 4.51E+05 0
4.37E+00 3.80E-01
2.35E-02 6.59E-03
1.86E-03 1.15E-03
4.22E-04 4.13E-04

1.47E-04 2.00E-04
6.51E-05 1.14E-04
3.34E-05 7.21E-05
1.90E-05 4.89E-05
1.16E-05 3.49E-05
7.57E-06 2.59E-05
5.15E-06 1.99E-05
3.63E-06 1.56E-05
2.64E-06 1.26E-05
1.97E-06 1.03E-05
1.50E-06 8.52E-06 3.29E-02
1.17E-06 7.16E-06 2.55E-02
9.22E-07 6.08E-06 2.02E-02
7.38E-07 5.22E-06 1.62E-02

1.07E+00 5.99E-07 4.52E-06 1.31E-02
1.26E+00 4.91E-07 3.95E-06 1.08E-02
1.47E+00 4.07E-07 3.47E-06 8.91E-03

0 0
0 0

9.55E+04 8.09E+03 1.04E+05 0 0 0
5.15E+02 1.40E+02 6.55E+02 0 0 0
4.07E+01 2.44E+01 6.5 IE+OI 0 0 0
9.23E+00 8.79E+00 1.80E+OI 0.00 0.00 0.00
3.22E+00 4.26E+00 7.48E+00 0.04 0.01 0.00
1.42E+00 2.43E+00 3.85E+00 0.24 0.09 0.02
7.30E-O1 1.53E+00 2.26E+00 0.48 0.22 0.10
4.16E-01 1.04E+00 1.45E+00 0.66 0.35 0.23
2.55E-01 7.42E-01 9.97E-01 0.78 0.48 0.37
1.66E-01 5.52E-01 7.17E-01 0.85 0.58 0.49
1.13E-01 4.23E-01 5.36E-01 0.89 0.66 0.59
7.95E-02 3.33E-01 4.12E-01 0.92 0.72 0.66
5.78E-02 2.67E-01 3.25E-01 0.94 0.77 0.72
4.31E-02 2.18E-01 2.62E-01 0.96 0.80 0.77

1.81E-OI 2.14E-01 0.97 0.83 0.81
1.52E-01 1.78E-01 0.97 0.86 0.84
1.29E-01 1.50E-01 0.98 0.88 0.86
I.IIE-01 1.27E-01 0.98 0.89 0.88
9.62E-02 1.09E-01 0.99 0.91 0.90
8.39E-02 9.47E-02 0.99 0.92 0.91
7.38E-02 8.27E-02 0.99 0.93 0.92
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Table 3-3. Orbital Debris & Meteoroid Impacts on Phase II Space Station Nodes

Meteoroid density (g/cc) 0.5
Debris density (g/cc) 2.8

Ave. meteoroid velocity (km) 20
Ave. debris velocity (kin/s) 9.3

Node Diamete_ (in) 3.7
Node Area (m) 0.028
Number Bays 93
Number Nodes/Bay 4

Number Nod_ 372
Truss area (m) 10.3

Earth's radius (kin)
Station orbital altitude (kin)

Earth defocusing factor
Earth shielding factor

(cm) 9.398

Station Lifetime (yrs)

6378.145
5OO

0.968596
0.668024

Particle Particle Mass
Diameter Met.

(ram) (g)

3O

0.01 2.62E-10
0.05 3.27E-08
0.1 2.62E-07
0.5 3.27E-05
1.0 2.62E-04
1.5 8.84E-04
2.0 2.09E-03
2.5 4.09E-03
3.0 7.07E-03
3.5 I. 12E-02
4.0 1.68E-02

Number Impacts

of given Diameter Probability of
Particle Flux and greater No Impact

Debris Met.? Debris Met. Debris Total Met. Deb. Total
(g) (#/m'-yr) (#/30yr_fe)

1.47E-09 2.1 IE+02 1.26E+02 6.54E+04 3.90E+04 1.04E+05 0 0 0
1.83E-07 1.85E+01 2.18E+OO 5.72E+03 6.75E+02 6.40E+03 0 0 0
1.47E-06 4.37E+00 3.80E-01 1.35E+03 1.18E+02 1.47E+03 0 0 0
1.83E-04 2.35E-02 6.59E-03 7.29E+00 2.04E+00 9.33E+OO 0 0 0
1.47E-03 1.86E-03 1.15E-03 5.76E-01 3.56E-01 9.32E-01 0.55 0.70 0.39
4.95E-03 4.22E-04 4.13E-04 1.31E-01 1.28E-01 2.59E-01 0.88 0.88 0.77
1.17E-02 1.47E-04 2.OOE-04 4.56E-02 6.20E-02 1.08E-01 0.96 0.94 0.90

2.29E-02 6.51E-05 1.14E-04 2.01E-02 3.53E-02 5.55E-02 0.98 0.97 0.95
3.96E-02 3.34E-05 7.21E-05 1.03E-02 2.23E-02 3.27E-02 0.99 0.98 0.97
6.29E-02 1.90E-05 4.89E-05 5.88E-03 1.51E-02 2.10E-02 0.99 0.98 0.98
9.38E-02 1.16E-05 3.49E-05 3.61E-03 1.08E-02 1.44E-02 1.00 0.99 0.99
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Table 3-4. Truss Node Failure Analysis

NODE PROPERTIES

Type AI 2024-T3
Diameter (in) 3.7

Density (g/cc) 2.712
BrineU Hardness 145

9.398 (cm)

Meteoroid Debris

Particle Density (g/cc) 0.5 2.8
Particle Velocity (kin/s) 20 9.3

Particle Min. Diameter (cm)
Particle Max. Diameter (cm)

Min. Crater Depth (in)

0.1
0.3

0.055

Max. Crater Depth (in) 0.186
(calc. from Cour-Palais penetration equation, R©f.24, p.265)

Min. No SpaU Depth (in) 0.166
Max. No SpaIl Depth (in) 0,557

Ratio of Min. No Spall Depth/Node Diameter 0.045
Ratio of Max. No Spall Depth/Node Diameter 0.150

0.1
0.3

0.079
0.263

0.235
0.788

0.064
0.213
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Table 3-5. Predicted Perforations in Tube Coating (0.002" Al 2024-T3)

Coating Properties:
Type AI 2024-T3
Thickness (in) 0.002
Density (g/cc) 2.712
Brinell Hardness 145

Space Station Properties:
Operational Lifetime (yr) 30

0.00508 (cm)

Truss Properties:
Tube thickness (in) 0.066 1.6764 (ram)
Tube O.D. (in) 221 5.334 (cm)
Surface Area of 5m Long Struts (m2) 0.84
Surface Area of 7m Long Struts (m) 1.17
Hole Diameter to Fail 5m Tube (cm) 2.6

Atomic Oxygen Properties:
Fluence on ram-facing surfaces (atoms/cm2-yr)
G/E Reactivity Rate (cm^3/atom)

Recession Rate (cm/yr)
(for uncoated ram-facing surfaces)

Percent of Unprotected Tube Thickness Erroded During Lifetime

1.091E+21
2.600E-24
2.836E-03 0.001116 (in/yr)

Meteoroid Flux Parameters:

Earth's radius (kin)

Station orbital alt. (kin)
Earth defocusing factor
Earth shielding factor

50.8%

Meteoroid Debris
Particle Density (g/cc) 0.5 2.8
Particle Velocity (kin/s) 20 9.3

Particle Critical Diameter (cm) 0.0049 0.0036
above which crater depth exceeds coating thickness (from Cour-Palals, Ref.24, p.265)

Particle Mass (g) 3.05E-08 6.60E-08
Particle Energy (J) 0.006 0.003

Particle Flux (#/m2-yr) 19.9 5.14

with critical diameter and greater that will perforate coating.

25.02

629
881

0.075

2.18E-05 2.15E-05
0.0437 0.0245

0.024 0.014

Total Perforation Flux (#/m2-yr)

Lifetime Coating Perforations on 5m Slrut
Lifetime Coating Perforations on 7m SU'ut

Lifetime Perforation Density (#/cm 2)

Max. Size Particle On 5m Strut In Lifetime:
Particle Mass (g)
Particle Diameter (cm)

Average Particle Dia (cm)

Average Dia. G/E Exposed (cm) 0.059 0.046
(assume hemispherical crater and no surface delamination)

Exposed G/E area on 5m struts (cm2/yr) 0.031 0.007

Critical Area (cm 2) 5.40

per 5m truss tube that must be exposed to atomic oxygen before failure possible

Total Exposed area on 5m struts (cm2/yr) 0.038

Number of years before critical 143
graphite/epoxy area is uncovered on 5m struts

6378.145
5OO
0.968596

0.688024
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Table 3-6. Predicted Perforations in Tube Coating (0.006" AI 2024-T3)

Coating Properties:
Type Al 2024-T3
Thickness (in) 0.006 0.01524 (cm)
Density (g/cc) 2.712
Brinell Hardness 145

Space Station Properties:
Operational Lifetime (yr) 30

Truss Properties:
Tube thickness (in) 0.066 1.6764 (ram)
Tube O.D. (in) 2_1 5.334 (cm)
Surface Area of 5m Long Struts (m_) 0.84
Surface Area of 7m Long Struts (m-) 1.17
Hole Diameter to Fail 5m Tube (cm) 2.6

Meteoroid Flux Parameters:
Earth's radius (kin)
Station orbital air. (km)
Earth defocusing factor
Earth shielding factor

Atomic Oxygen Properties:
Fluencc on ram-facing surfaces (atoms/cm2-yr) 1.091E+21

O/E Reactivity Rate (cm^3/atom) 2.600E-24
Recession Rate (cm/yr) 2.836E-03 0.001116 (in/yr)
(for uncoated ram-facing surfaces)
Percent of Unprotected Tube Thickness Erroded During Lifetime 50.8%

Meteoroid Debris

Particle Density (g/cc) 0.5 2.8
Particle Velocity (kin/s) 20 9.3

Particle Critical Diameter (cm) 0.0133 0.0097
above which crater depth exceeds coating thickness (from Cour-Palais, ReL24, p.265)

Particle Mass (g) 6.10E-07 1.32E-06
Particle Energy (J) 0.122 0.057

Particle Flux (#/m2-yr) 2.33 0.415
with critical diameter and greater that will perforate coating.

2.75

69
97

0.0082

2.18E-05
0.0437

0.028

Total Perforation Flux (#/m2-yr)

Lifetime Coating Perforations on 5m Strut
Lffetune Coating Perforations on 7m Strut

Lifetime Perforation Density (#/cm 2)

Max. Size Particle On 5m Strut In Lifetime:

Particle Mass (g)
Particle Diameter (cm)

Average Particle Dia (cm)

2.15E-05
0.0245

0.017

0.057Average Dia. G/E Exposed (cm) 0.071
(assume hemispherical crater and no surface delamination)

Exposed G/E area on 5m semts (cm2/yr) 0.005 0.001

Critical Area (cm 2) 5.40

per 5m truss tube that must be exposed to atomic oxygen before failure possible

Total Exposed area on 5m swots (cm2/yr) 0.006

Number of years before critical 902
graphite/epoxy area is uncovered on 5m struts

6378.145
50O
0.968596
0.688024
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Table 3-7. Predicted Perforations in Tube Coating (0.002" A1 1100-0)

Coating Properties:
Type AI 1100-0
Thickness (in) 0.002
Density (g/cc) 2.712
Brinell Hardness 27

0.00508 (cm)

Space Station Properties:
Operational Lifetime (yr) 30

Truss Properties:
Tube thickness (in) 0.066 1.6764 (mm)

Tube O.D. (in) 2_I 5.334 (cm)
Surface Area of 5m Long Struts (m_) 0.84
Surface Area of 7m Long Struts (m-) 1.17
Hole Diameter to Fail 5m Tube (cm) 2.6

Meteoroid Flux Parameters:
Earth's radius (km)
Station orbital alt. (lun)
Earth defocusing factor
Earth shielding factor

Atomic Oxygen Properties:
Fluence on ram-facing surfaces (atoms/crn2-yr) 1.091E+21

G/E Reactivity Rate (cm^3/atom) 2.600E-24
Recession Rate (cm/yr) 2.836E-03
(for uncoated ram-facing surfaces)
Percent of Unprotected Tube Thickness Erroded During Lifetime

O.OOl 116 (in/yr)

50.8%

Meteoroid Debris

Particle Density (g/cc) 0.5 2.8
Particle Velocity (kin/s) 20 9.3

Particle Critical Diameter (cm) 0.0033 0.0024
above which crater depth exceeds coating thickness (from Cour-Palais, Ref.24, p.265)

Particle Mass (g) 9.69E-09
Particle Energy (J) 0.002

Particle Flux (#/m2-yr) 39.6

with critical diameter and greater that will perforate coating.

Total Perforation Flux (#hn2-yr) 53.09

2.10E-08
0.001

13.5

Lifetime Coating Perforations on 5m Strut
Lifetime Coating Perforations on 7m Strut

Lifetime Perforation Density (#/cm 2)

1334
1868

0.159

Max. Size Particle On 5m Strut In Lifetime:

Particle Mass (g)
Particle Diameter (cm)

2.18E-05 2.15E-05
0.0437 0.0245

Average Particle Dia (cm) 0.023 0.013

Average Dia. G/E Exposed (cm) 0.087 0.067

(assume hemispherical crater and no surface delamination)

Exposed G/E area on 5m slruts (cm2/yr) 0.132 0.040

Critical Area (cm 2) 5.40

per 5m truss tube that must be exposed to atomic oxygen before failure possible

Total Exposed area on 5m struts (cm2/yr) 0.171

Number of years before critical
graphite/epoxy area is uncovered on 5m struts

32

6378.145
5OO
0.968596
0.688024
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Table 3-8. Predicted Perforations in Tube Coating (0.006" AI 1100-0)

Coating Properties:
Type A1 1100-O
Thickness (in) 0.006
Density (g/cc) 2.712
Brined Hardness 27

0.01524 (cm)

Space Station Properties:
Operational Lifetime (yr) 30

Truss Properties:
Tube thickness (in) 0.066 1.6764 (mm)
Tube O.D. (in) 2)1 5.334 (cm)
Surface Area of 5m Long Struts (m_) 0.84
Surface Area of 7m Long Struts (m-) 1.17
Hole Diameter to Fail 5m Tube (cm) 2.6

Meteoroid Flux Parameters:
Earth's radius (km)
Station orbital alt. (km)
Earth defocusing factor
Earth shielding factor

Atomic Oxygen Properties:
Fluence on ram-facing surfaces (atoms/cm--yr) 1.091E+21
G/E Reactivity Rate (crn^3/atom) 2.600E-24
Recession Rate (cm/yr) 2.836E-03 0.001116 (in/yr)
(for uncoated ram-facing surfaces)
Percent of Unprotected Tube Thickness Erroded During Lifetime 50.8 %

Meteoroid Debris

Particle Density (g/cc) 0.5 2.8
Particle Velocity (km/s) 20 9.3

Particle Critical Diameter (cm) 0.0090 0.0066
above which crater depth exceeds coating thickness (fiom Cour-Palais, Ref.24, p.265)

Particle Mass (g) 1.94E-07 4.20E-07
Particle Energy (J) 0.039 0.018

Particle Flux (#/m2-yr) 5.61 1.09
with critical diameter and greater that will perforate coating.

Total Perforation Flux (#/m2-yr) 6.70

Lifetime Coating Perforations on 5m Strut 168
Lifetime Coating Perforations on 7m Strut 236

Lifetime Perforation Density (#/cm 2) 0.020

2.15E-05
0.0245

0.016

0.078

0.004

Max. Size Particle On 5m Strut In Lifetime:
Particle Mass (g) 2.18E-05
Particle Diameter (cm) 0.0437

Average Particle Dia (cm) 0.026

Average Dia. G/E Exposed (cm) 0.099
(assume hemispherical crater and no surface dolamination)

Exposed G/E area on 5m struts (cm2/yr) 0.024

Critical Area (cm 2) 5.40

per 5m truss tube that must be exposed to atomic oxygen before failure possible

Total Exposed area on 5m struts (cm2/yr) 0.028

Number of years before critical 190

graphite/epoxy area is uncovered on 5m struts

6378.145
5OO
0.968596
0.688024
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Table 3-9. Graphite-EpoxyTube and Plate Characteristics

Target Fiber

Serial Len. Modulus Specimen
Number Vendor Quan. (in) (M psi) Shape

6FI,2 Amoco 2 6 34 Flat

6T1,2,3 Amoco 3 6 34 Tube
I IFI,2 Amoco 2 6 75 Flat

11 T2,3,4 Amoco 3 6 75 Tube
6T4,5,6 Amoco 3 6 34 Tube
6T7,8,9 Amoco 2 6 34 Tube
6TI0,11,12 Amoco 3 6 34 Tube

9F1,2 Amoco 0 6 34 Flat
9T1,2 Amoco 2 6 34 Tube
12FI,2 Amoco 2 6 75 Flat
12T2 Amoco 1 6 75 Tube
10F1,2 Amoco 2 6 34 Flat
10T1,2 Amoco 2 6 34 Tube
13F1,2 Amoco 2 6 75 Flat
13TI,2 Amoco 0 6 75 Tube
7T1,2,3,4 Amoco 4 6 34 Tube
8T1,2 Amoco 2 6 34 Tube

6sT1.2 Amoco 2 6 34 Tube
11 sTI,2 Amoco 2 6 75 Tube
9sTI,2 Amoco 2 6 34 Tube
9sF1,2,3,4 Amoco 4 6 34 Flat

___

Plate Total 14
Tube Total 31
Total 45

Ply
Orientation

(+/-10,+/-30,+/-10)s
(+/- 10,+/-30.+/- 10)r
(+/-10,+/-30,+/-10)s
(+/-10,+/-30,+/-10)r
(+/-10,+/-30,+/-10)r
(+/-lO,+/-30,+/-lO)r
(+/-10,+/-30,+/-10)r

Nominal
Thick-
ncss

(in) Coating

0.066 Bare
0.077 Bare
0.066 Bare
0.077 Bare
0.081 0.002" AI bonded
0.089 0.006" Al bonded

(+/-80,+/-30,+/-I0)r

(+/-80,+/-30,+/-lO)r 0.077 Bare
(+/-80,+/-30,+/-I0)s 0.066 Bare
(+/-80,+/-30.+/-I0)r 0.077 Bare
(+/-45,+/-I0,+/-45)s 0.066 Bare
(+/-45,+/-I0,+/-45)r 0.077 Bare
(+/-45,+/-I0,+/-45)s 0.066 Bare
(+/-45.+/-I0,+/--45)r 0.077 Bare
(+/-I0,+/-30.+/-IO)3r 0.II0 Bare
(+/-I0,+/-30,+/-IO)4r 0.143 Bare

(+/-lO,+/-30,+/-lO)s 0.077 Bare
(+/-10,+/-30,+/-10)s 0.077 Ba_
(+/-80,+/-30,+/-10)s 0.077 Bare
(+/-80,+/-30,+/-10)s 0,066 Bare

MT- 1,2,3 Morton 3 6 75 Tube (+/-45,0,0,0,0)s 0.066 Bare
Thiokol

MT-4,5,6 Morton 3 6 75 Tube (+/-45,0,+/-15,0)s 0.066 Bare
Thiokol

MD-I,2 McDonnell 2 6 34 Tube (+/-10,+/-30,+/-10)s 0.066 Bare
Douglas

UT-I United 1 48 47.5 Tube (+/-45,(0)5,-/+45)s 0.06 Bare
Technology (Sikorsky Div.)

UT-2 United 1 48 46 Tube (+/-30,0,0,+/-30,+/-30) 0.06 Bare
Technology (Sikorsky Div.)

UT-3 United 1 48 46 Tube (((0)4,+/-8),+/-30) 0.06 Bare
Technology (Sikorsky Div.)

Comments:

Ply orientation reference 0" down longitudinal axis of robe and 90" circumferentially around tube.
"s" stands for symmetric ply orienlation, "r" ply orientation stands for repeating layup.
Tube I.D. -2" and 6" long. Flat plates are 6" square (some trimmed prior to impact).
11-T-I split at 30 angle in slructural compression tests 8/28/86.
6-T-8 crushed while applying 6 nail A! coating.

6-T-10,11,12 tubes turned over to JSC slructures group for IVADized aluminum coating.
9-F-I and 9-F-2 plates were rejected due to manufacturing defects.
12-T-1 failed during compression tests @ 13,600 lbs. on 8/28/86 (unshot tube).
13-T-I and 13-T-2 both rejected due to manufacturing defects.
Morton Thiokol tubes utilized high pressure cure.

UT-1 Manufactured with layed-up opaque glass and fiber optic cables.
UT-2 Four opaque glass fibers in composite.
UT-3 Six opaque glass fibers in composite.

Tube
Manufact-

uring
Technique

Roll Wrap

Roll Wrap
Roll Wrap
Roll Wrap

0.077 AI, Ion Assisted Roll Wrap
Vacuum Deposited (IVAD'ized)
0.066 Bare

Roll Wrap

Roll Wrap

Roll Wrap

Roll Wrap
Roll Wrap
Roll Wrap

Roll Wrap

Roll Wrap
Roll Wrap

Roll Wrap

Roll Wrap

TapeWound
(Filament Wound)

Roll Wrap

TapeWound
(Filament Wound)

Braided/-
Filament Wound
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Table 3-10. Target Dimensions and Mass

Fiber Avg. Avg. Avg.

Tube Ply Modulus Length O.D. Thickness I.D.
ID Orientation (M psi) (in) (in) (in) (in)

6Fl (+/- 10,+/-30,+/-10)2s 34 6 0.0609
61:2 (+/- 10,+/-30,+/-10)2s 34 6 0.0618

6TI (+/- 10,+/-30,+/- 10)2r 34 6.019 2.124 0.0714 1.981
6T2 (+/-10,+/-30,+/-10)2r 34 6 2.14 0.0726 1.995
6T3 (+/- 10,+/- 30,+/- 10)2r 34 5.975 2.130 0.0775 1.975
6sTl (+/- 10,+/-30,+/- 10)2s 34 6 2.13 0.0686 1.993
6sT2 (+/- 10,+/-30,+/- 10)2s 34 6 2.15 0.0641 2.022

6T4 (+/- 10,+/-30,+/- 10)2r 34 6 2.1 0.0755 1.949
with 2 mil AI coating 2.15 0.0797

6T5 (+/- 10,+/-30,+/- 10)2r 34 6 2.1 0.0764 1.947
with 2 rail Al coating 0.0820

6T6 (+/- 10,+/-30,+/- 10)2r 34 6 2.1 0.0795 1.941
with 2 rail Al coating 2.15 0.0808

6T7 (+/- 10,+/- 30,+/- 10)2r 34 6 2.1 0.0720 1.956
with 6 rail Al coating 0.0817

61"8 (+/-10,+/-30,+/-10)2r 34 6 2.1 0.0728 1.955
6T9 (+/- 10,+/-30,+/- 10)2r 34 6 2.1 0.0787 1.943

with 6 mil AI coating 2.16 0.0788

6T10 (+/- 10,+/- 30,+/- 10)2r 34 6 2.1 0.0766 1.947
6TII (+/-10,+/-30,+/-10)2r 34 6 2.1 0.0675 1.965
6T12 (+/- 10,+/-30,+/- 10)2r 34 6 2.1 0.0763 1.948

7TI (+/- 10,+/-30,+/- 10)3r 34 6 2.16 0.1029 1.954
7T2 (+/- 10,+t-30,+/-10)3r 34 6 2.21 0.1063 1.997
7T3 (+/- 10,+/-30,+/- 10)3r 34 6 2.18 0.1045 1.971
7T4 (+/-10,+/-30,+/- 10)3r 34 6 2.16 0.1050 1.950

8TI (+/- 10,+/-30,+/- 10)4r 34 6 2.23 0.1303 1.969
8T2 (+/-10,+/-30,+/-10)4r 34 6 2.27 0.1334 2.006

9FI Unknown 34 6 0.0615
9F2 Unknown 34 6 0.0618

9sF1 (+/-80,+/-30,+/-10)2s 34 6 0.0609
9sF2 (+/-80,+/- 30,+/- 10)2s 34 6 0.0602
9sF3 (+/-80,+/-30,+/- 10)2s 34 6 0.0604
9sF4 (+/-80,+/- 30,+/- 10)2s 34 6 0.0598

9T1 (+/-80,+/-30,+/-10)2r 34 5.983 2.136 0.0695 1.997
9T2 (+/.80,+/-30,+/-10)2r 34 5.981 2.140 0.0707 1.999
9sTl (+/-80,+/-30,+/-I0)2s 34 6 2.14 0.0694 2.001
9sT2 (+/o80,+/-30,+/-10)2s 34 6 2.14 0.0678 2.004

10FI (+/-45,+/-I0,+/-45)2s 34 6 0.0611
10F2 (+/-45,+/-I0,+/-45)2s 34 6 0.0627

10TI (+/-45,+/-I0,+/-45)2r 34 5.981 2.143 0.0721 1.999
10T2 (+/-45,+/-10,+/-45)2r 34 5.988 2.140 0.0770 1.986

IIFl (+/-I0,+/-30,+/-I0)2s 75 6 0.0726
IIF2 (+/-I0,+/-30,+/-I0)2s 75 6 0.0723

11TI (+/-I0,+/-30,+/-I0)2r 75 6.001 2.154 0.0829 1.988
IIT'2 (+/-I0,+/-30,+/-I0)2r 75 6 2.17 0.0885 1.993
lIT3 (+/-I0,+/-30,+/-I0)2r 75 6.001 2.156 0.0817 1.993
lIT4 (+/- 10,+/-30,+/- 10)2r 75 6 2.14 0.0765 1.987

llsTl (+/-10,+/-30,+/- 10)2s 75 6 2.13 0.060l 2.010
lisT2 (+/- 10,+/-30,+/- 10)2s 75 6 2.1 0.0645 1.971
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Mass

(g)

55.918
55.398

69.861
71.885

71.712
67.611
66.001

72.085
80.469
72.628
80.974
72.363
80.651

71.003
87.009
71.833
72.344
88.374

72.425
72.086
71.986

103.568
103.896
100.150
103.006

135.141
135.038

56.146
55.002
56.103
54.777
55.500
54.341

68.337
69.547

68.878
67.829

55.459
55.211

71.114
69.599

69.266
69.092

89.033
89.065
89.438
86.912
68.339
71.374

Density
(g/cc)

1.556

1.521

1.538
1.551
1.466
1.549
1.599

1.527

1.521

1.458

1.574

1.577

1.472

1.512
1.702
1.510

1.585
1.504
1.495

1.546

1.599
1.532

1.548

1.509
1.562
1.544
1.558
1.542

1.545
1.544
1.551
1.564

1.539
1.494

1.548
1.421

1.618
1.620

1.679
1.565
1.709
1.782
1.778
1.761



Table 3-10 (Cont). Target Dimensions and Mass

Tube Ply
ID Orientation

12FI (+/-80,+/-30,+/- 10)2s
12F2 (+/-80,+/-30,+/- 10)2s

12TI (+/-80,+/-30.+/- I0)2r
12T2 (+/-80,+/-30,+/- 10)2r

13FI (+/-45 ,+/- 10,+/-45)2 s
13F2 (+/-45,+/- 10,+/-45)2s

Fiber Avg. Avg.
Modulus Length O.D. Thickness
(M psi) (in) (in) (in)

75 6
75 6

0.0722
0.0714

Avg.
LD.
(ha)

Mass

(g)

69.847
68.565

Density
(g/cc)

1.640
1.629

75 6.005 2.158 0.0807 1.997 87.816 1.695
75 5.999 2.155 0.0795 1.996 86.008 1.688

69.560
69.699

0.0723
0.0723

75 6
75 6

1.631
1.634
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Table 3-I 1. Target Sonic Velocity and Elastic Modulus

Fiber

Tube Ply Modulus Sonic Velocity (kin/s)
ID Orientation (M psi) Long. Radial

6FI (+/-I0.+/-30,+/-IO)2s 34 8.11 2.69
6F2 (+/-10,+/-30,+/-10)2s 34 8.12 2.67
6TI (+/-I0,+/-30,+/-IO)2r 34 7.97
6T2 (+/-I0,+/-30,+/-10)2r 34 8.02

6T3 (+/-I0,+/-30,+/-I0)2r 34 7.86
6sTl (+/-I0,+/-30,+/-lO)2s 34 7.95

6sT2 (+/-I0,+/-30,+/-10)2s 34 8.07
6T4 (+/-I0,+/-30,+/-I0)2r 34 7.87
6T5 (+/-I0,+/-30,+/-I0)2r 34 7.79
6T6 (+/-I0,+/-30,+/-I0)2r 34 7.78
6"17 (+/-I0,+/-30,+/-I0)2r 34 7.90
6T8 (+/-I0.+/-30.+/-I0)2r 34 8.07
6T9 (+/-I0,+/-30.+/-I0)2r 34 7.82
6TI0 (+/-I0,+/-30,+/-IO)2r 34 7.78
6Tll (+/-I0,+/-30,+/-10)2r 34 7.83
6T12 (+/-I0,+/-30,+/-I0)2r 34 7.90

7T1 (+/-10,+/-30,+/- 10)3r 34 7.95
7T2 (+/-10,+/-30,+/- 10)3r 34 7.87
7T3 (+/- 10,+/-30.+/- 10)3r 34 8.08
7"1"4 (+/-10,+/-30,+/- 10)3r 34 7.90

8TI (+/- 10,+/-30,+/- 10)4r 34 7.96
8I"2 (+/- 10,+/-30,+/- 10)4r 34 7.94

TIT

1.79
1.79

9FI Unknown 34 5.51 7.26 1.60
9F2 Unknown 34 5.53 7.40 1.57

9sFl (+/-80,+/-30,+/-10)2s 34 6.69 5.69 1.61
9sF2 (+/-80,+/-30,+/- 10)2s 34 6.71 5.70 1.66
9sF3 (+/-80,+/-30,+/-10)2s 34 6.68 5.67 1.60
9sF4 (+/-80,+/-30,+/- 10)2s 34 6.67 5.61 1.63

9TI (+/-80,+/-30.+/-I0)2r 34
9T2 (+/-80,+/-30,+/-IO)2r 34

9sTl (+/-80,+/-30.+/-I0)2s 34
9sT2 (+/-80,+/-30,+/-IO)2s 34

IOFI (+/-45,+/-I0,+/-45)2s 34

10F2 (+/-45o+/-I0,+/-45)2s 34
IOTI (+/-45,+/-I0,+/-45)2r 34
lOT2 (+I-45,+I-10,+I-45)2r 34

IIFI (+/-I0,+/-30,+/-10)2s 75
1IF2 (+/-10,+/-30,+/-lO)2s 75
IITI (+/-lO.+/-30,+/-lO)2r 75
tIT2 (+/-I0,+/-30,+/-I0)2r 75
IIT3 (+/-I0,+/-30,+/-I0)2r 75
IIT4 (+/-I0,+/-30,+/-I0)2r 75
llsTl (+/-I0,+/-30,+/-lO)2s 75
IIsT'2(+/-I0,+/-30,+/-I0)2s 75

12FI (+/-80,+/-30.+/-10)2s 75
12F2 (+/-80.+/-30,+/-lO)2s 75
12TI (+/-80,+/-30,+/-I0)2r 75
12T2 (+/-80,+/-30,+/-lO)2r 75

6.52
6.43
6.57
6.68

Compression
Modulus VendorModulus

Sonic Modulus (M psi) (M psi) (M psi)
Long. Radial TIT Long. Long. Radial

14.8
14.8
14.3
14.5
13.9
14.2
14.6
13.9
13.6
13.6
14.0
14.6
13.7
13.6
13.8
14.0

14.2
13.9
14.7
14.0

14.2
14.2

13FI (+/-45,+/-I0,+/-45)2s 75
13F2 (+/-45,+/-I0,+/-45)2s 75

6.8
6.9

10.1
10.1
10.0
10.0

1.6 0.7 14.1 1.66
1.6 0.7

11.9
12.3
7.3
7.3
7.2
7.1

0.6
0.6
0.6
0.6
0.6
0.6

13.5

12.3
13.0

9.6
9.3
9.7
I0.0

13.6 1.59

7.12 3.74 1.57 11.4 3.1 0.6
7.10 3.74 1.57 11.3 3.1 0.6
6.44 9.3
6.77 10.3

14.0 1.63

1.66 27.8 1.5 0.7
1.64 28.1 1.5 0.6

28.0
26.5
25.8
26.9
27.5
26.1

10.85 2.53
10.90 2.55
10.89
10.58
10.44
10.66

10.78
10.51

9.03 7.48 1.66 19.3 13.2 0.7
8.98 7.40 1.66 19.1 13.0 0.7
8.66 17.7
9.23 20.1

6.77 12.1

8.38 5.11 1.66 16.6 6.2 0.7
8.48 5.12 1.66 17.0 6.2 0.7

9.2
9.1

7.1
6.6

9.13 2.53

20.9

22.4

27.3 1.40

15.9
17.0

19.0 12.9

15.2 4.90
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Table 3-11 (Cont). Target Sonic Velocity and Elastic Modulus

Tube Ply
ID Orientation

MD-2 (+/-10,+/-30.+/-10)s
MD-3 (+/-10,+/-30,+/-10)s

Fiber

Modulus Sonic Velocity (kin/s)
(M psi) Long. Radial

34 7.78
34 7.83

MT-I (+/-45,0,0,0,0)2s 75 9.73

MT-2 (+/-45,0,0,0,0)2s 75 10.42
MT-3 (+/-45,0,0,0,0)2s 75 10.28

MT-4 (+/-45,0.+I-I5,0)2s
MT-5 (+/-45,0.+/-I5,0)2s
MT-6 (+/-45,0,+/-I5,0)2s

75 10.35
75 10.15
75 10.30

TTI'
Sonic Modulus(Mpsi)
Long. Ra_al T'I'T

13.6

13.8

22.4
25.7
25.0

25.3
24.4
25.1

Compression
Modulus VendorModulus

(M psi) (M psi)
Long. Long. Radial

13.7
13.7

20.6
20.4

24.1
24.3

47



Table 3-12. Predicted Tube Specimen Ultimate Compressive Loads

Tube Ult.
Serial Compression Test Load

Test bIumbe.r Number Repetitions _ (lbs_

I 6-T-I I0 19,300 7,500
2 6-T-I 8 19,300 7,500
3 6-T-3 4 19,300 15,000

4 II-T-I 2 17,800 14,000
5 II-T-3 2 17,800 14,000

6 9-T- 1 2 13.500 10,000
7 9-T-2 2 13,500 10,000

8 12-T-I 2 12,600 10.000
9 12-T-2 2 12,600 10,000

10 10-T-I 2 I0,100 7,500
11 10-T-2 2 10,100 7,500

12 6s-T-I 2 19,300 15,000

TestPuxpo_

Testrepeatabilityofproc©dur¢.
Testdifferentsla'aingage positions.
Determine modulus, testloadmachine _lup.

Determine modulus of elasticity.
Determine modulus of elasticity.

Determine modulus of cla._icity.
Determine modulus of elasticity,

Determine modulus of elasticity.
Determine modulus of elasticity.

Determine modulus of elasticity.
Determine modulus of elasticity.

Determine modulus of elasticity.
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Table 3-13. Results of Compression Tests on Undamaged Tubes

Test No. 1

Date 25-Aug-86
Tube S/N 6-T-I

Len. (in) 6.019
I.D. (in) 1.981
O.D. (in) 2.124

Thick (i_) 0.071
Area (in-) 0.4604
Gage L (in) 2.1

Test Point 1 Point 1 Point 2 Point 2

Cycle No. Load (lb) Defl.(in) Load (lb) Deft.0n)

1 2700 0.00054
2 3000 0.00054
3 4030 0.00188
4 3820 0.002
5 4010 0.00061
6 3990 -.0001
7 2620 0.00045

8 3050 0.00186
9 5240 0.00093

10 4100 0.00101

Test No. 2

Date 26-Aug-86
Tube S/N 6-T-1

Len. (in) 6.019
I.D. (in) 1.981

O.D. (in) 2.124

Thick (i_) 0.071
Area(in-) 0.46O4
Gage L (in) 2.1

Orien -

ration Point 1 Point 1

(deg) Load (lb) Deft.0n )

0 1960 0.0007
45 4000 0.00125
90 2500 0.00077

135 2170 0.00069
180 2820 0.000615
225 2700 0.00054
270 2100 0.00069
315 1890 0.00069

6720

7000
6350

7490
7500

6940
6950

700O
7800

7820

Point 2
Load (lb)

6310
6860
6100
5420
6510
6020
6500
6730

0.00196
0.00188
0.00271
0.00334
0.00176
0.00085
0.00192
0.00322
0.0018
0.00232

Point 2
Defl.(in)

0.00228
0.00228
0.00204
0.0018
0.0018
0.00156
0.002125
0.002355
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Del Load
(lb)

4020
4O00
2320
3670
3490
2950
4330
3950
2560

3720

Del Load
(lb)

4350
2860
36OO
3250
3690
3320
4400
4840

Calc.
Del Deft. Modulus

(in) (psi)

0.00142 1.29E+07
0.00134 1.36E+07
0.00083 1.27E+07
0.00134 1.25E+O7
0.00115 1.38E+07
0.00095 1.42E+O7
0.00147 1.34E+07

0.00136 1.32E+07
0.00087 1.34E+07
0.00131 1.30E+07

Mean 1.328E+07
Std. Dev. 4.898E+05

Avg. Abs. 4.124E+05
Deviation from mean

Calc.
Del Deft. Modulus

(in) (psi)

0.00158 1.26E+07
0.00103 1.27E+07
0.00127 1.29E+07
0.00111 1.34E+O7
0.001185 1.42E+07
0.00102 1.48E+07
0.001435 1.40E+07
0.001665 1.33E+O7

Mean 1.347E+07
Std. Dev. 7.523E+05

Avg. Abs. 6.524E+05
Deviation from mean

3.69% (delta from mean)

3.10% (delta from mean)

5.58% (delta from mean)

4.84% (delta from mean)



Table 3-13 (Cont). Results of Compression Tests on Undamaged Tubes

Te_ No.
Date
Tube S/N

Len. (in)
I.D. (in)
O.O. (in)

Thick (in:)
Area (in-)
Gage L (in)

Orien -
tation

(deg)

0-h.lock

180-1ock
0-unlock
180-unlck

Test No.
Date
Tube S/N
Len. (in)
I.D. (in)
O.D. (in)

Thick (i_)
Area(in-)
Gage L (in)

Oriell-

tation

(deg)

0-end darn

0-split

Test No.
Date
Tube S/N
t n. (in)
I.D. (in)
O.D. (in)

Thick(i_)
Area (in-)
Gage L (in)

OFiCR -

tation
(deg)

0
180

3

25-Aug-86
6-T-3
5.975
1.975

2.130
0.078
0.4997
2.1

Point 1 Point 1
Load (lb) Defl.(in)

5650 0.00212
3900 0.00062
4000 0.000462
2400 0.000935

4

25-Aug-86
II-T-I
6.001
1.988
2.154
0.083
0.5394
2.1

Point2 Point2
Load(lb) Defl.(in)

13800 0.0050
12100 0.00338

6700 0.0014
8100 0.002825

& 28-Aug-86

Point 1 Point 1 Point 2 Point 2 Del Load
Load (Ib) D_fl.(in) Load (Ib) Defl.(in) (Ib)

3700 0.00046 6800 0.00109
1800 0.000219 9150 0.001485

5

28-Aug-86
1I-T-3
6.001
1.993
2.156
0.082
0.5324
2.1

Calc.

Del Load Del Deft. Modulus
(lb) (in) (psi)

8150 0.1)0288 1.19E+07

8200 0.00276 1.25E+07
2700 0.000938 1.21E+07
5700 0.00189 1.27E+O7

Mean 1.229E+07
Std. Dev. 3.087E+05

Avg. Abs. 2.926E+05
Deviation from mean

3100
7350

Calc.
Del Deft. Modulus

(in) (psi)

0.00063 1.92E+07
0.001266 2.261:-+07

Mean 2.088E+07
Std.Dev. 1.72312+06

Avg. Abs. 1.7121+06
Deviationfrom mean

Calc.

Point 1 Point 1 Point 2 Point 2 Del Load Del Deft. Modulus
Load (lb) Defl.(in) Load (lb) Deft.0n) (lb) (in) (psi)

5700 0 13700 0.00165 8000 0.00165 1.91E+07
4200 0.0003 9800 0.00116 5600 0.00086 2.571+07

2.51% (delta from mean)

2.38% (delta from mean)

8.25% (delta from mean)

8.25% (delta from mean)
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Table 3-13 (Cont). Results of Compression Tests on Undamaged Tubes

Test. No. 5 (Cont.)

Test No. 6

Date 27-Aug-86
Tube S/N 9-T-I

Len. (in) 5.983
I.D. (in) 1.997
O.D. (in) 2.136

Thick (_) 0.070
Area (in) 0.4512
Gage L (in) 2.1

Orien -

ration Point 1 Point 1

(deg) Load (lb) Defl.(in)

0 3400 0.00045
180 3600 0.0031

Test No. 7
Date 27-Aug-86
Tube S/N 9-T-2
Len. (in) 5.981
LD. (in) 1.999
O.D. (in) 2.140

Thick (i_) 0.071
Area (in) 0.4596
Gage L (in) 2.1

Orien-

tation Point 1 Point 1

(deg) Load (Ib) Dcfl.(in)

0 4000 0.00316
180 2000 0.000625

Mean 2.240E+07

Std. Dev. 3.280E+06

Avg. Abs. 3.280E+06
Deviation from mean

Calc.
Point 2 Point 2 Del Load Del Deft. Modulus

Load (Ib) Defl.(in) (lb) (in) (psi)

7400 0.0023 4000 0.00185 1.01E+07
6000 0.00445 2400 0.00135 8.27E+06

Mean 9.169E+06
Std. Dev. 8.945E+05

Avg. Abs. 8.945E+05
Deviation from mean

Calc.

Point 2 Point 2 Del Load Del Deft. Modulus
Load (lb) Defl.(in) (lb) (in) (psi)

9000 0.0060 5000 0.00284 8.04E+06
9500 0.0040 7500 0.003375 1.02E+07

Mean 9.099E+06
Std. Dev. 1.055E+06

Avg. Abs. 1.055E+06
Deviation from mean

14.6% (delta from mean)

14.6% (delta from mean)

9.76% (delta from mean)

9.76% (delta from mean)

11.6% (delta from mean)

11.6% (delta from mean)

51



Table 3-13 (Cont). Results of Compression Tests on Undamaged Tubes

Test No. 8

Date 28-Aug-86
Tube S/N 12-T- 1
Len. (in) 6.005
I.D. (in) 1.997
O.D. (in) 2.158

Thick (h_) 0.081
Area (in) 0.5267
Gage L (in) 2.1

Orien-

tation Point 1 Point 1

(deg) Load (lb) Deft.0n)

0 2200 0.00045
0 2000 0.O0037

Test No. 9

Date 27-Aug-86
Tube S/N 12-T-2
Len. (in) 5.999
I.D. (in) 1.996
O.D. (in) 2.155

Thick (i_) 0.080
Area(in ) 0.5184

Gage L (in) 2.1

Orien-

tation Point 1 Point 1
(deg) Load (lb) Deft.0n)

0 1900 0.000532
180 3225 0.0003

TestNo. I0

Date 27-Aug-86
Tube S/IN 10-T-I
Len. (in) 5.981
I.D. (in) 1.999
O.D. (in) 2.143

Thick 09) 0.072
Area (in-) 0.4691
Gage L (in) 2.1

Orien-

tation Point 1 Point 1
(deg) Load (lb) Deft.0n)

0 1000 0.00063
180 2000 0.00105

Calc.

Point 2 Point 2 Del Load Del Deft. Modulus
Load (lb) Deft.0n) (lb) (in) (psi)

8800 0.002115 6600 0.001665 1.58E+07
9000 0.00212 7000 0.00175 1.59E+07

Mean 1.588E+07
Std. Dev. 7.185E+04

Avg. Abs. 7.185E+04
Deviation from mean

Calc.
Point 2 Point 2 Del Load Del Deft. Modulus
Load (Ib) Defl.(in) (Ib) (in) (psi)

8000 0.002200 6100 0.001668 1.48E+07
8500 0.001410 5275 0.00111 1.93E+07

Mean 1.703E+07
Std. Dev. 2.218E+06

Avg. Abs. 2.218E+06
Deviation from mean

Calc.

Point 2 Point 2 Del Load Del Deft. Modulus
Load (Ib) Defl.(in) (Ib) (in) (psi)

7000 0.004590 6000 0.00396 6.78E+O6
7000 0.004100 5000 0.00305 7.34E+O6

52

Mean 7.061E+06
Std. Dev. 2.780E+05

Avg. Abs. 2.780E+05

0.45% (deltafrom mean)

0.45% (deltafrom mean)

13.0% (delta from mean)

13.0% (delta from mean)

3.94% (delta from mean)
3.94% (delta from mean)



Table 3-13 (Cont). Results of Compression Tests on Undamaged Tubes

Test No. 11
Date 27-Aug-86
Tube S/N 10-T-2
Len. (in) 5.988
I.D. (in) 1.986
O.D. (in) 2.140

Thick (i_) 0.077
Area (in-) 0.4990
Gage L (in) 2.1

Orien -

tation Point 1 Point 1 Point 2 Point 2 Del Load
(deg) Load (lb) Deft.0n) Load (lb) Dcfl.(in) (lb)

0 2000 0.00032
180 2000 0.0021

7000 0.003500 5000
7000 0.005285 5000

Calc.
Del Deft. Modulus

(in) (p_)

0.00318 6.62E+06
0.003185 6.61E+06

Mean 6.611E+06
Std. Dev. 5.193E+03

Avg. Abs. 5.193E+03
Deviation from mean

0.08% (delta from mean)

0.08% (delta from mean)
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Table 3-14. Impacts on Phase I Truss having same Diameter as Test Projectiles

Phase I Space Station Truss area (m 2) 224.6

Station Lifetime (yrs) 30

Meteoroid density (g/cc)
Ave. meteoroid velocity (knffs)

Debris density (g/cc)
Ave. debris velocity (km/s)

0.5
20

2.8

9.3

proj.
Dia. Particle Mass (g) Particle Flux (#/m2-yr)

Impacts of given Diameter
and greater (#/30 yr life)

(mm) Met. Debris Met. Debris Total Met. Debris Total

0.55 4,36E-05 2.44E-04 1.66E-02 5.18E-03 2.18E-02 112 34,9 146.8

0.77 1.20E-04 6.69E-04 4.84E-03 2.22E-03 7.06E-03 32.7 15.0 47.6

0.95 2.24E-04 1.26E-03 2.25E-03 1.31E-03 3.55E-03 15.1 8.81 23.9

1.55 9.75E-04 5.46E-03 3.74E-04 3.81E-04 7.55E-04 2.52 2.56 5.09

2.37 3.49E-03 1.95E-02 7.91E-05 1.31E-04 2.10E-04 0.53 0.88 1.41

3.14 8.11E-034.54E-02 2.83E-05 6.42E-05 9.25E-05 0.19 0.43 0.62

4.39 2.21E-02 1.24E-01 8.29E-06 2.76E-05 3.59E-05 0.06 0.19 0.24

Probability of No Impact
Met. Debris Total

0 0 0

0 0 0

0 0 0

0.08 0.08 0.01

0.59 0.41 0.24

0.83 0.65 0.54

0.95 0.83 0.79
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4.0 Test Results

The following sections document the results of impact tests to examine the effect of

projectile characteristics (size, velocity, impact obliquity) and target properties (layup,

modulus, thickness, coatings, shape) on impact damage severity. Data from 32 light gas

gun shots performed at JSC and 26 made at NDE Technology were used in the comparisons

and to develop correlations between damage and certain projectile/target variables.

A summary of the shot conditions and resulting target damage for all 58 data shots is

given in Table 4-1. Data describing the impact conditions includes projectile material,

spherical diameter, mass, velocity, impact obliquity angles, and kinetic energy. The

projectile velocity (speed) and kinetic energy normal to the target was calculated from

the obliquity angles. Target damage information includes separate entries for the tube

first and second wall through hole shape, size, equivalent circular diameter to projectile

diameter ratio, crater size (crater defined as deep delamination area surrounding the through

hole), area of surface peelings, and ultrasonic C-scan area. Damage to witness plates

positioned behind the targets is also recorded.

Projectiles used in the JSC shots included 2 sizes of glass spheres (0.55 mm and 0.95

mm), 3 aluminum spheres (1.58 mm, 2.38 mm, and 3.18 mm) and a nylon slug (4.4 x 4.4

ram). JSC projectile velocities ranged from 6.1 - 7.8 km/sec and impact obliquity angles

varied from 0" - 15". Two intentional 45" oblique impacts were also performed. As

indicated in Figure 4-1, for all tube shots, there were two impact angles relative to the

target that were derived from measurements: a radial and longitudinal obliquity angle

(for flat plates they are the same angle which was 0" for all shots). The radial obliquity

angle is the angle between the normal to the target surface and the projectile flight

path line in the plane perpendicular to the longitudinal tube axis (equal to the arcsin of

the ratio of measured distance from the longitudinal tube centedine to the impact divided

by the tube radius). The longitudinal obliquity is the angle between the projectile flight

path and the tube longitudinal axis.

Shots at NDE involved impacts of glass (0.55 mm and 0.77 turn) and aluminum (1.58 tuna

and 2.38 ram) projectiles traveling at 3.3 to 7.3 km/sec, with radial impact obliquity

angles of 0 - 40". All NDE projectiles impacted normal to the longitudinal axis.
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Appendix A contains a detailed description of all shots (including 12 NDE shots

in the data analysis portion of the study) done for this study ordered by shot number.

not used
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Figure 4-1. Definition of Encounter Parameters
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4.1 Effect of Projectile Size/Mass

Photographic documentation given in Figures 4-2 through 4-7 of a series of shots on

the 6T series of uncoated tubes (Amoco, 0.07" nominal thickness, 34M psi fiber modulus)

illustrates the effect of projectile size on tube damage. All of these shots impacted

essentially normal to the tube's first wall (all impact obliquity angles <10" in radial

direction). Glass projectiles less than lmm in diameter created a hole on one side of

the target tubes. Peeling in the I0" direction of the surface ply was evident in all

shots. Peeled area is summarized in Table 4-1 and broken down into detailed measurements

in Appendix A.

Transition to more significant damage to the second wall of the tube was evident by

external delamination of the second wall caused by 1.6 mm (0.063") diameter aluminum

projectiles (Figure 4-4). As shown in Figure 4-5, the expanding debris plume from

impact of a 2.4 mm (0.094") on the front wall of the tube produces several holes in the

second wall and a large delamination area. A 3.1 mm (0.125") aluminum sphere produced

a nearly circular hole in the second wall -8 times larger than the projectile. Figure 4-7

depicts the results of an impact by the largest particle shot during the test: a 73 rag,

4.4 mm diameter by 4.4 mm long nylon cylinder. This projectile was shot in an attempt

to find a particle that would completely break a representative test tube specimen.

However, although the second wall hole was larger and more irregular in this case, its

equivalent circular diameter was just over 7 times larger than projectile, and the tube

was not broken.

The fast wall through-hole diameter size for all NDE and JSC data shots on the 6T

series tubes are shown in Figure 4-8. Regression analysis was used to find the best

correlation of hole size with projectile density, size, velocity, and impact obliquity. For

the 10 data points in the set, the diameter of a circular hole with an area equivalent to

the actual measured hole area, Dhl (ram), was found to be related to the cube root of

projectile energy, E (J):

Dhl = 0.907 * (E) 0"33 - 0.388

The correlation coefficient, r, for this expression is 0.98 (1.00 is a perfect fit). Hole size

was found to be independent of the projectile impact obliquity angle. As will be discussed
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in Section 4.7, although the shape of the hole changed as a function of impact obliquity,

the total area of the hole, and thus the equivalent circular hole diameter, remained

essentially constant for the same impact particle size and velocity (for the impact obliquity

angles tested; with no impact angles greater than 45"). Since projectile diameter d

(ram), density p (g/cc), and velocity V (km/sec), can be related to projectile energy by:

E=Tt/12* d 3 *p* V 2

The first wall hole diameter correlation becomes:

Dhl = 0.58 * d * p0.33, V0.67.0.388

Ultrasonic C-scan diameter of the damage in the first wall for the ten 6T uncoated

tubes is given in given in Figure 4-9. The equivalent circular C-scan diameter, Dcl

(mm), was correlated with the cube root of the product of projectile energy and tube

wall thickness to projecile diameter ratio, t/d, with a correlation coefficient of 0.95:

Dcl = 3 (E * t/d) 0"33 + 4.0

The standard deviation in the measured and estimated C-scan diameters for this equation

is 2.1 ram. The form of this equation was suggested after extensive analysis of previously

reported C-scan area data for hypervelocity impacts into generic graphite-epoxy targets

(20). Data from over 40 impacts of 5 mg aluminum and nylon cylinders at 4.5-7 km/sec

into low modulus G/E fiat plate targets (with and without cloth covering surface coating)

ranging in thickness from 2.4 mrn to 17.1 mm were correlated with the following equation

(r -- 0.97):

Dc/d = 2.72 V 0"67 p0.33 (t/d)0.33 + 0.26

The data and correlation curve are given in Figure 4-10.

y-intercept, this equation becomes:

D c = 4.2 E 0"33 (t/d) 0"33

Rearranged and neglecting the
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The combined first and second wall hole diameter, Dhb (ram), given in Table 4-1 was

calculated from the equivalent circular first wall hole diameter, Dhl, and second wall

hole diameter, Dh2, simply by:

Dhb = (Dhl 2 + Dh22) 0"5

For the ten 6T series tube data points, the combined hole diameter is plotted in Figure

4-11 with the following correlation:

For projectiles with an energy less than 127 J (Dhb < 4.4 ram),

Dhb= 1.14 E 0"33- 1.29
r = 0.95

And for projectiles with an energy greater than 127 J (Dhb > 4.4 ram),

Dhb = 4.32 E 0"33 - 17.25 r = 0.96

This implies that for this particular type tube (10,30,10 layup, 34 M psi modulus fibers,

0.07" thick walls) projectiles with energies more than 125 joules will produce increasing-

ly more damage to the second wall. This is because the projectile fragments upon impact

with the first wall, producing a plume (bubble) of debris particles that expands as it is

projected onto a large area of the tube's second wall. The half-angle (measured from

the surface normal at the impact point) of the most concentrated debris in the expanding

plume is ~ 15" for the impacts studied.

The combined diameter of the ultrasonic C-scan region (internal delamination and through

holes) for the 6T series tubes is described by (Figure 4-12):

For projectiles with (E * t/d) < 180 J, or for Dcb < 26 ram,

Dcb = 4.64 (E * t/d) 0'33 - 0.39 r = 0.89

And for projectiles with (E * t/d) > 180 J, or for Dcb > 26 ram,

Dcb = 16.90 (E * t/d) 0"33 - 69.8 r = 0.99

68



Figure 4-2. ProjectileSizeEffects:PhotographicDocumentationof ShotNDE- 11

NDE-I 1,Tube6s-T-2,0.77mm glasssphere,4.21km/sec,10° radial obliquity.

III
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l,'i_ure 4-3. ProjectileSizeEffects:PhotographicDocumentationof ShotJSC-A204
JSC-A204,Tube6-T-1, 0.938mm Glasssphere,7.05l_n/sec,7" radialobliquity.
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I"i_ure 4-4. Projectile Size Effects: Photographic Documentation of Shot JSC-A292

JSC-A292, Tube 6-T-2, 1.55 irun AI 2024-T4 sphere, 7.78 kan/sec, 10 ° radi',d obliquity.

m
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Figure 4-5. Projectile Size Effects: Photographic Documentation of Shot JSC-A249

JSC-A249, Tube 6s-T-l, 2.38 mm AI 2024-T4 sphere, 7.48 km/sec, 5* radial obliquity.
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Figure 4-6. ProjectileSizeEffects:PhotographicDocumentationof ShotJSC-A308

JSC-A308,Tube6-T-2, 3.14mm AI 2024-T4sphere,6.10km/sec,3° radial obliquity.

JSC-A308 Front

JSC-A308 Back
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Figure 4-7. Projectile Size Effects: Photographic Documentation of Shot JSC-A334

JSC-A334, Tube 6s-T-2, 4.4 mm Nylon Slug (L/D=I), 6.68 krn/sec, 9* radial obliquity.
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4.2 Effect of Ply Orientation

A series of impact tests were conducted to study the effect of ply layup on the extent

of impact damage. Low-modulus, uncoated tubes were tested (9T and 10T series) and

compared with the results of the 6T series tests given in the previous section. Damage

illustrated in Figures 4-13 and 4-14 (for 9T and 10T tubes respectively) should be compared

with Figure 4-4. Although the orientation of the surface peeling varied between the

different ply layups (6T peeled in 10", 9T peeled on interior surfaces in 80", and 10T

peeled in 45" direction to the longitudinal axis of the tube), the damage hole or C-scan

size did not appreciably vary as a function of layup. Hole diameters for the seven 9T

and 10T data points are compared in Figure 4-15 with the 6T first wall hole size correlation

given in the previous section. A new formulation for all uncoated, low-modulus, Amoco

tubes (17 data points) is shown in Figure 4-16 and is given by the following equation:

Dhl - 0.927 E 0"33 - 0.536 r = 0.98

where Dhl is the hole diameter (ram), E is projectile energy (J), and r is a measure of

the goodness of fit for the correlation (r = 1 is a prefect fit). Differences were small

for the low and high modulus robe first-wall C-scan size as a function of projectile

parameters, therefore a combined expression was formulated as described in Section 4.3.

As given in Figure 4-17, little change to the 6T combined hole diameter correlation was

indicated to account for the 9T and 10T data:

For projectiles with an energy less than 155 J (Dhb < 4.8 ram),

Dhb = 1.14 E 0"33 - 1.29 r = 0.95

And for projectiles with an energy greater than 155 J (Dhb > 4.8 ram),

Dhb = 4.54 E0"33 - 19.54 r = 0.99

where Dhb is the combined hole diameter (mm) and E is projectile energy (J). Figure 4-

18 presents the correlations for the combined wall C-scan diameter for all low-modulus

Amoco tubes:
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For projectileswith (E * t/d) < 200J,or for Dcb< 30mm,

Dcb = 5.60 (E * t/d)0"33- 3.32 r = 0.83

And for projectileswith (E * t/d) > 200 J, or for Dcb > 30 mm,

Dcb = 16.90 (E * t/d) 0"33 - 69.8 r = 0.99

where Dcb is the combined C-scan diameter (mm), E is projectile energy (J), t is the

tube thickness (mm), and d is projectile diameter (ram). No significant difference between

symmetric and repetitive layups was noted. With the data in Table 4-1, a nearly direct

comparison of impact damage can be made for the 6T tubes with shots JSC-A292 and

NDE-32, and for 9T tubes with shots NDE-30 and NDE-31.

81



Figure 4-13. Ply Orientation Effects: Photographic Documentation of Shot JSC-A293

JSC-A293, Tube 9-T-I, 1.55 mm Al 2024-T4 sphere, 7.47 km/sec, 10" radial obliquity.

m
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Figure 4-14. Ply Orientation Effects: Photographic Documentation of Shot JSC-A294

JSC-A294, Tube 10-T-2, 1.55 mm A1 2024-T4 sphere, 7.33 1,an/sec, 3 ° radial obliquity.
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4.3 Effect of Fiber Elastic Modulus

Larger holes but similar sized C-scan areas resulted from impact testing on tube specimens

with 75M psi modulus fibers as indicated by comparing Figures 4-19 and 4-20 with Figures

4-4 and 4-13. The high modulus tubes also did not exhibit surface ply delamination and

peeling that occured with the low modulus tubes. Figure 4-21 illustrates that the least-

squares fit for the fast wall hole size in high modulus fiber tubes is greater for a

given projectile energy than the low modulus fiber data fit. The high modulus curve

was fit for 7 data points (lIT and 12T robe series) to the equation:

Dhl = 1.202 E 0'33 + 0.612 r = 0.98

where Dhl is the equivalent circular first wall hole diameter (ram) and E is the projectile

energy (J). The first wail C-scan size correlation (23 data points) is combined for both

low and high modulus fiber robes:

Dcl = 2.72 (E * t/d) 0"33 + 4.86 r = 0.84

where Dcl is the equivalent circular C-scan diameter, E is the projectile energy (J), t is

the tube wall thickness (mm), and d is the projectile diameter (mm). This correlation

and all data axe displayed in Figure 4-22. Figure 4-23 shows the correlation for the

equivalent circular diameter for the through hole in both walls of high modulus robe

targets, Dhb (mm). For projectiles with an energy less than 158 J (Dhb < 7.7 mm),

Dhb=l.4_ E0'33+0.0M r = 0.98

And for projectiles with an energy greater than 158 J (Dhb > 7.7 ram),

Dhb = 6.281 E 0"33 - 26.22

Little difference was found between low and high modulus fiber tubes for the size of

the combined wall ultrasonic C-scan zone as a function of projectile conditions. Figure

4-24 illustrates this by plotting all high modulus robe data versus the low modulus robe

correlation presented in the previous section. Figure 4-25 shows all data plotted against

an updated correlation developed by least squares fit of the data. The formulas for
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the equivalent circular combined wall ultrasonic C-scan diameter, Dcb (mm),
high and low modulus tube data are:

for both

For projectiles with (E * t/d) < 230 J, or for Dcb < 30 mm,

Dcb = 6.31 (E * t/d) 0"33 - 5.72 r = 0.88

And for projectiles with (E * t/d) > 230 J, or for Dcb > 30 mm,

Dcb = 15.50 (E * t/d) 0"33 - 61.8 r = 0.94

Rearranging this last equation to solve for projectile diameter, d (ram) in terms of projectile

density, p (g/cc), and velocity, V (km/sec):

d = [(Dcb + 61.8)/15.5] 1.5 * (12/_) 0-5 • p-0.5, V-1 , t-0.5
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Figure 4-19. Target Fiber Modulus Effects: Photographic Documentation of Shot JSC-A291

JSC-A291, Tube 1 I-T-4, 1.55 nun AI 2024-T4 spilere, 7.55 "kala/sec. 10 ° radial obliquity.
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Figure 4-20.TargetFiberModulusEffects: Photographic Documentation of Shot JSC-A302

JSC-A302, Tube 12-T-2, 1.55 mm AI 2024-T4 sphere, 7.16 km/sec, 7" radial obliquity.
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4.4 Effect of Surface Coatings

Several 6T series tubes with 0.002" and 0.006" thick aluminum bonded to the tube exterior

were included in the test program. The 6T series are thin-walled (nominally 0.07" thick)

tubes containing low modulus fibers (34M psi) in a [10,30,10] ply layup (see Section 3.4).

Thus, the impact effects on coated tubes reported in this section can be directly compared

to the impact results described in Section 4.1.

The results of an impact on tube with a 2 mil aluminum coating by a 2.4 mm aluminum

ball at 7 km/sec are shown in Figure 4-26 (JSC Shot #A250). The impact peeled the low

modulus tube's surface ply and, along with. it, the 2 rail aluminum in the I0" direction.

The first wall external ply peeling was generally similar (in direction and width, although

not as long) to the response of an uncoated tube from a similar impact (JSC Shot #A249,

see Figure 4-5). The first wall hole size was also essentially the same in both cases.

First wall hole size produced by a 1.6 mm aluminum ball impacting at 7 krn/sec on 2 mil

and 6 mil aluminum bonded targets (JSC Shot #A307 and N'DE Shot #24, respectively)

shown in Figures 4-27 and 4-28 can be compared with a similar impact in an uncoated

tube (JSC-A292 in Figure 4-4). As illustrated in Figure 4-29, first wall hole size, for

the two aluminum coatings tested, did not vary significantly from the previously derived

equation for uncoated low modulus tubes. However, as given in Figure 4-30, C-scan

diameter was less in most coated tube cases compared to the uncoated correlation. As

projectile energy increases, the coating would probably become less significant in reducing

impact damage and the C-scan data would be expected to more closely track the uncoated

tube C-scan correlation.

While the 2 rail aluminum peeled away from the impact point, the 6 mil aluminum did

not significantly peel, although the larges_ projectile shot at the 6 mil coated targets

was a 1.6 mm diameter aluminum sphere. Peeling of 0.006" thick aluminum might take

place with impacts by larger projectiles.

Figure 4-26 shows the second wall of the 2 rail aluminum coated tube as severly delaminated

as the corresponding uncoated tube shot (Figure 4-5) although no second wall through

hole resulted. Similarly for the smaller projectile shots, the second wall exterior surface

of the 2 rail aluminum coated tube was dimpled in several places (see Figure 4-27 and

numerical details in Appendix A) while the uncoated tube was more severely delaminated
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(Figure 4-4). No damage at all was apparent on the second wall exterior surface for

the 6 mil aluminum coated tube (Figure 4-27). Thus, as given in Figure 4-31, the combined

first and second wall hole damage for coated tubes falls well below the uncoated tube

curve after the break, indicating increasing second wall tube damage for uncoated tubes.

It would be expected that a coated tube curve for combined hole size would eventually

break upward also (at a higher projectile energy) when the second wall starts to be

perforated. Although this limit was nearly reached for the 2 rail aluminum coated tubes,

a correlation was not formulated due to lack of data.

Because second wall damage was apparent with the coated tubes at practically the same

impact conditions that caused damage to the second wall of uncoated tubes, the internal

damage reflected by ultrasonic C-scans of both sides of the tube essentially duplicated

the results from just the impact side. Figure 4-32 shows the combined wall equivalent

C-scan diameter for all coated tube data points versus the combined wall C-scan correlation

presented in the previous section. At higher impact energies, the coated wall data is

expected to track the uncoated data because the coating will represent insignificant

damage resistance.

An equation was developed to relate the area peeled back from the impact point and

exposed to atomic oxygen attack for a 2 mil coated tube to impact conditions:

P/d = 1.827 (En)0"33 - 0.0989

where P (mm) is the equivalent circular diameter of the exposed region (not including

the perforation or crater area), d (nun) is the projectile diameter, and En (J) is the projectile

energy determined from the velocity normal to the target surface. The data and resulting

least squares data fit is shown in Figure 4-33.
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Figure 4-26. Target Surface Coating Effects: Photographic Documentation of Shot JSC-A250

JSC-A250, Tube 6-T-4, 2 mil aluminum bonded coating, 2.37 mm Al 2024-T4 sphere,

7.15 km/sec, 5" radial obliquity.
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Figure 4-27. Target Surface Coating Effects: Photographic Documentation of Shot JSC-A307

JSC-A307, Tube 6-T-6, 2 rail aluminum bonded coating, 1.54 mm A1 2024-T4 sphere,

7.35 km/sec, 0" radial obliquity.
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Figure 4-28. Target Surface Coating Effects: Photographic Documentation of Shot NDE-24

NDE-24, Tube 6-T-9, 6 mil aluminum bonded coating, 1.58 mm A1 2024-T4 sphere,

6.71 km/sec, 24" radial obliquity.
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4.5 Effect of Target Thickness

In the few successful data shots on thick walled tubes completed during this study

(Table 4-1), little significant difference between the three tube thicknesses was optically

observed (hole and crater size, extent of surface peeling) in the damage on the first

wall of the tubes for similar impact conditions. As illustrated in Figures 4-34 through

4-36, front surface damage is similar on tubes having wall thicknesses nominally 0.07",

0.11", and 0.14" for impacts of a 1.6 mm aluminum projectile at 4.5 km/sec. Hole diameter

from four shots on thick tubes is plotted on Figure 4-37 with the correlation for all

Amoco, thin, low modulus tubes given in Section 4.2 (Dhl = 0.927 E 0"33 - 0.536). As

indicated, at the projectile energies tested, the front wall hole size closely matches the

correlation. It is expected that the thicker the tube, the more projectile energy is

required to perforate the first wall. Thus, it would seem that at lower energies than

tested, the first wall hole size should decrease quicker than the thin wall corrrelation.

However, not enough data is available to substantiate this supposition.

Front wall C-scan size is a function of tube wall thickness as given in Figure 4-38

which shows the four thick wall data points versus the first wall C-scan correlation

given in Section 4.3. As tube wall thickness increases, the C-scan area also increases

for the same projectile impact conditions. The new first wall C-scan correlation, for all

Amoco thin and thick, low and high modulus tubes is:

Dcl = 2.82 (E * t/d) 0"33 + 4.58 r = 0.83

where Dcl is the equivalent circular C-scan diameter, E is the projectile energy (J), t is

the tube wall thickness (ram), d is the projectile diameter (ram), and r is the coefficient

of correlation (a measure of the goodness of fit of the correlation to the measured

values of Dcl; r=-I would be a perfect fit). All data for this correlation are plotted in

Figure 4-39.

The equivalent circular hole size for the combined first and second wall for the four

data points is plotted with the curve for thin, low modulus tubes in Figure 4-40. Because

none of the projectiles fired in these tests had sufficient energy to break through the

second wall, the data is basically confined to the lower portion of the curve corres-

ponding to front wall damage. With sufficient data, a family of curves could be developed
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that would show the transition to second wall damage shifting to the right on the graph

with increasing tube wall thickness.

Figure 4-41 shows the combined wall C-scan diameter for the four thick wall data points

plotted against the curve given in Section 4.3 for the thin wall, high and low modulus

Amoco tubes. The points fell near the previously derived equations. More thick wall

data shots would be necessary to conftrm the exponent on the tube wall thickness to

projectile diameter ratio (t/d) was adequately correlating the results. However, the

correlation does correctly indicate C-scan size trends with changes in projectile diameter,

density, velocity, and tube wall thickness.
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Figure 4-34. Tube Wall Thickness Effects: Photographic Documentation of Shot NDE-22

NDE-22, Tube 6-T-3, t=0.07Y', 1.58 mm ALl2024-T4 sphere, 4.57 km/sec, 41 ° radial obliquity.
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Figure 4-35. Tube Wall Thickness Effects: Photographic Documentation of Shot NDE-28

NDE-28, Tube 7-T-2, t=0. 106", 1.58 mm AI 2024-T4 sphere, 4.27 km/sec, 12" radial obliquity.
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Figure 4-36. Tube Wall Thickness Effects: Photographic Documentation of Shot NDE-29

NDE-29, Tube 8-T-2, t=0.133", 1.58 mm AI 2024-T4 sphere, 4.88 km/sec, 20" radial obliquity.
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4.6 Flat Plales

Flat plates having similar fiber and layup characteristics as the tube specimens were

impacted to determine if flat plate tests can be used in-place of or to supplement tube

data. This is important since a substantial data base of graphite/epoxy flat plate data

already exists.

Figures 4-42 through 4-47 present photographic documentation of flat plates impacted

with a 1.6 mm diameter aluminum sphere at approximately 7 km/sec. As with the tubes,

the low modulus fiber plates peeled in the direction of the surface ply on either side of

the impact point while the high modulus fiber plates did not. The high modulus plates

had larger holes at the same impact conditions than low modulus plates. No difference

in C-scan diameter was apparent for different ply orientations.

Generally, as given in Figure 4-48, hole sizes for the low modulus plates (6f, 9f, and 10f

series) were similar to the corresponding low modulus tube correlation:

Dhl = 0.927 E 0"33 - 0.536 r = 0.98

where Dhl is the hole diameter (nun), E is projectile energy (J), and r is a measure of

the goodness of fit for the correlation (r = 1 is a prefect fit). Figure 4-49 likewise

indicates the close match between the high modulus plate data (llf, 12f, and 13f) and the

previously defined high modulus tube correlation:

Dhl - 1.202 E 0"33 + 0.612 r = 0.98

where Dhl is the equivalent circular first wall hole diameter (mm) and E is the projectile

energy (J). However, as presented in Figure 4-50, the flat plates' C-scan diameter data

scatter was obviously much greater than recorded for the tubes, although the general

trend was evident. Thus, sets of flat plate data should be useful in determining the

effect changes in composite properties would have on tube damage response trends.

Confirmation shots on tubes would be necessary to actually quantify the results, especially

for assessments of delamination area size.
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I"i2t,re 4-42.Flat PlateEffects:PhotographicDocumentationof ShotJSC-A333
JS('-A333. Plate6-F-1. [10,30.10],34M psi, 1.55mm AI 2024-T4sphere,7.19kin/see.

J " .z_i
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Figtnn'e4-43. Flat PlateEffects:PhotographicDocumentationof ShotJSC-A4Ll

JSC-A4I1,Plate9s-F-l, [80,30,10],34M psi, 1.56inn AI 2024-T4sphere,6.97kan/sec.
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Figure 4-44.Flat PlateEffects:PhotographicDocumentationof ShotJSC-A410

JSC-A4I I),Plzlte10-F-1,[45,I0,45], 34M psi, 1.55nma AI 2024-T4 sphere, 7.68 kin/see.
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Figure 4-45.Flat PlateEffects:PhotographicDocumentationof Shot JSC-A352

JSC-A352, Plate 1 I-F-l, [10,30,10], 75M psi, 1.55 mm AI 2024-T4 sphere, 6.83 km/sec.

0
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Figure 4-47. Flat Plate Effects: Photographic Documentation of Shot JSC-A413

JSC-A413, Plate 13-F-I, [45,10,45], 75M psi, 1.55 mm A1 2024-T4 sphere, 7.29 km/sec.
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4.7 Effect of Projectile Obliquity

Space Station tubes will be exposed to projectiles impacting at oblique angles in two

planes. Projectiles can impact at an angle to the longitudinal axis of the tube (along

the length of the tube), and/or at an angle to the radius of the tube (see Figure 4-1).

These two impact obliquity situations will be described by the "longitudinal" and "radial"

obliquity impact angles, respectively. A 0* obliquity angle is defined as normal to the

tube surface. Thus, a 0" longitudinal obliquity means the projectile impacts perpendicular

to the longitudinal axis of the tube while a 0" radial obliquity means the projectile

impacts parallel to a radial line connecting the tube center and the impact point.

Almost all impact tests were conducted perpendicular to the longitudinal axis. Because

of the dispersion inherent in the ballistic ranges, radial obliquity angles up to 40" occured

during the testing (longitudinal obliquity angle remained at 0"). Intentional obliquity

testing was conducted to provide additional data. Photographs of the results of intentional

tests at 45" radial and longitudinal impact obliquity angles are given in Figures 4-51 and

4-52. Direct comparisons can be made with Figure 4-4 for impact results on the same

type tube and projectile at a near zero impact obliquity.

The amount of peeling around the front wall perforation did not appear to be a function

of impact obliquity (Table 4-1), however, hole shape was. As indicated in the detailed

descriptions of the damage in Appendix A, the larger the obliquity angle, the more

elliptical the surface hole. The longest axis of the elliptical hole is parallel to the

projectile flight path. It was thought that hole size would vary with the velocity normal

to the tube surface; however, this did not turn out to be the case. The equivalent

circular hole size of the front wall perforation to projectile diameter ratio is plotted

against the normal velocity in Figure 4-53 for the impact tests on all uncoated, low-

modulus Amoco tubes (6T series). The "tl" data points are the low obliquity data points

(<10* radial obliquity) with the least squares data fit of:

Dhl/d = 0.605 V n - 1.67 r - 0.93

where Dhl is the first wall hole diameter (mm), d is the projectile diameter (mm), V n is

the normal velocity (km/sec) calculated from the direction cosine of the impact obliquity:
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V n = V * cos(0) where V is the projectile velocity (km/sec) and 0 is the impact angle.

The "o1" data points are the high obliquity data (40-50") having a least squares fit of:

Dhl/d = 0.664 V n - 0.14
r = 0.97

For the obliquity angles tested (up to 45"), hole area was not a function of obliquity

angle. As described in Section 4.1 (Figure 4-8), all the above data was correlated by

the expression:

Dhl = 0.907 * (E) 0"33 - 0.388
r = 0.98

where the diameter of a circular hole with an area equivalent to the actual measured

hole area, Dhl (mm), was found to be related to the cube root of projectile energy, E

(J), and where projectile energy is related to projectile diameter d (rnm), density p

(g/cc), and velocity V (km/sec):

E =rdl2* d 3 * V 2*p

Second wall damage was not a function of radial obliquity angle. Comparing Figures 4-

52 (45" radial obliquity) and 4-4 (10" radial obliquity), the back wall delamination extent

and C-scan area was nearly the same. Typically, damage to the second wall of a dual

wall structure increases as the spacing between the two walls decreases. Thus, it is

expected that the second wall damage would increase with larger radial obliquity angles,

but would decrease with larger longitudinal obliquity angles. In these tests, with radial

obliquity angles less than 45", second wall damage extent was not a function of radial

impact angle. However, second wall exterior surface peeling or internal C-scan delamination

was not evident for the 45" longitudinal obliquity impact test (Figure 4-51). Thus,

impacts with longitudinal obliquities of 45" or more are demonstrably less damaging

than normal angle impacts.
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Figure 4-5 I. Impact Obliquity Effects: Photographic Documentation of Shot JSC-A313

JSC-A313, Tube 6-T-3, 1.54 mm AI 2024-T4 sphere, 7.29 km/sec, 6 ° radial, 45* longitudinal

obliquity impact angles.

129



Figure 4-52. ImpactObliquity Effects:PhotographicDocumentationof ShotJSC-A329

JSC-A329,Tube6-T-3, 1.55mm AI 2024-T4sphere, 7.33 km/sec, 42" radial obliquity.
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4.8 Effect of Tube Manufacturing Technique

The Amoco tubes used for the principal part of the tests were made by wrapping uni-

directional plies around a mandrel in the proper orientation. Tubes made by Morton

Thiokol and McDonnell Douglas were also included in the testing for a preliminary comparison

of alternative manufacturing techniques. As given in Table 3-9, the Morton Thiokol

tubes were also roll-wrapped. They had two different layups with 75M psi fibers, closely

resembling the Amoco liT series tubes. A filament winding process was used to make

the McDonnell Douglas tubes. Because the 3 nun wide rovings used in the [10,30,10]

oreintation winding contained 34M psi modulus fibers, the McDonnell Douglas closely

resembled the Amoco 6T series tubes.

Figure 4-54 shows the results of a 2.37 mm aluminum impact on a McDonnell Douglas

tube. It can be directly compared to Figure 4-5 for a similar impact on an uncoated,

low-modulus Amoco tube. The McDonnell tube exhibited peeling in an X pattern on the

front wall while the Amoco tube peels in a linear pattem. However, the McDonnell

tube did not have a clear perforation of the second wall although significant peeling

resulted, while the Amoco tube did have holes in the second wall. Apparently, the

filament winding reduces second wall damage to some extent.

Figures 4-55 and 4-56 show a comparison of a similar impact on a high modulus Amoco

tube and a Morton Thiokol tube. The holes in first and second walls appear superficially

nearly equal in these two cases. Figure 5-57 plots all Thiokol and McDonnell tube data

against the previously derived first wall correlations for the high and low modulus Amoco

tubes. The first wall hole diameter was slightly lower for both McDonnell and Thiokol

data than the correlations. The low modulus first wall hole size was given in Section

4.2 as:

Dhl = 0.927 E 0"33 - 0.536
r = 0.98

where Dhl is the hole diameter (mm), E is projectile energy (J), and r is a measure of

the goodness of fit for the correlation (r = 1 is a prefect fit). A least squares fit for

the McDonnell first wall hole size data is given in Figure 5-58 as:

Dhl = 0.971 E 0"33 - 1.688

132

r = 0.97



However, the McDonnell Douglas tubes' first wall C-scan diameter was, if anything,

slightly greater than the curve for the Amoco tubes as indicated in Figure 5-59. The

combined first and second wall hole size for all McDonnell Douglas and Morton Thiokol

data is presented in Figure 5-60 plotted against the Amoco tube data (top curve for

Amoco high modulus tubes and bottom curve for low modulus tubes). The Morton Thiokol

combined hole data matched closely the correlation for the Amoco high modulus tubes.

The data in Figure 5-60 for the McDonnell Douglas shows that the filament wound tubes

have somewhat greater resistance to second wall perforation damage than the Amoco

low modulus roll-wrap tubes. However, the data in Figure 5-61 indicates that the filament

wound tubes had slightly greater combined wall ultrasonic C-scan areas than the roll-

wrap tubes. There was little difference between the Morton Thiokol combined wall

C-scan data and the Amoco tubes' correlation.
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Figure 4-54. Tube Manufacturing Effects: Photographic Documentation of Shot JSC-A261

JSC-A261, Tube MD-2, 2.37 mm AI 2024-T4 sphere, 7.25 km/sec, 13" radial obliquity.

, pv
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Figure 4-55.TubeManufacturingEffects:PhotographicDocumentationof ShotJSC-A246

JSC-A246,Tube 1l-T-2, 2.38mm AI 2024-T4sphere,7.38km/sec,12"radial obliquity.

D
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Figure 4-56.TubeManufacturingEffects:PhotographicDocumentation of Shot JSC-A245

JSC-A245, Tube MT-2, 2.34 mm AI 2024-T4 sphere, 7.08 km/sec, 13" radial obliquity.
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4.9 Summary of Derived Equations

The impact testing resulted in the following correlations between damage

projectile parameters. Symbols used in the equations include:

extent and

Dhl =

Dhb =

Dcl =

Dcb =

D c =

P =

d __

p =

V =

V n =

E =

E n =

t =

r -"

Tube first wall equivalent circular hole diameter (mm).

Combined first and second wall equivalent circular hole diameter (mm).

First wall equivalent circular C-scan diameter, including hole (mm).

Combined first and second wall equivalent circular C-scan diameter, including

any holes (ram).

Diameter of C-scan zone for flat plates (ram).

Equivalent circular diameter of exposed region of 2mil aluminum coated tubes,

not including the perforated/crater area (ram).

Projectile diameter (mm).

Projectile density (g/cc).

Projectile velocity (km/sec).

Projectile velocity normal to target surface (km/sec).

Projectile kinetic energy (J).

Projectile kinetic energy normal to target surface (km/sec).

Target wall thickness (ram).

Correlation coefficient (perfect fit = 1).

Uncoated tubes, 0.07" thick walls, [10,30,10] layup. 34M psi modulus fibers (Amoco 6T Series):

Dhl = 0.907 * (E) 0"33 - 0.388

Dhl = 0.58 * d * p0.33, V0.67.0.388

Dcl = 3 (E * t/d) 0"33 + 4.0

r = 0.98

r = 0.95

For E < 127J (or D_b ' < 4.4 mm):

Dhb = 1.14 E ''33 - 1.29 r = 0.95

For E > 127J (or Dhb > 4.4 mm):
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Dhb = 4.32E0"33- 17.25 r = 0.96

For (E * t/d) < 180J(or Dcb< 26mm):
Dcb= 4.64 (E * t/d)0"33- 0.39 r = 0.89

For(E * t/d) > 180J (or Dcb > 26 mm):

Dcb = 16.90 (E * t/d) 0"33 - 69.8 r = 0.99

For low obliquity impacts (<10"):

Dhl/d = 0.605 V n - 1.67

For high obliquity impacts (40"-50°):

Dhl/d = 0.664 V n - 0.14

r = 0.93

r = 0.97

Uncoated tubes; 0.07" thick wall_; [10,30,10]. [80.30,10],

modulus fibers (Amoco 6T, 9T, and 10T Series):

Dhl = 0.927 * (E) 0"33 - 0.536

For E < 155J (or Dhb < 4.8 mm):

Dhb = 1.14 E 0"33 - 1.29

r = 0.98

r = 0.95

and 145.10.45] layups; 34M psi

For E > 155J (or Dhb > 4.8 mm):

Dhb = 4.54 E 0"33 - 19.54 r = 0.95

For (E * t/d) < 200J (or D_ b < 30 mm):

Dcb = 5.60 (E * t/d) _)'33 - 3.32 r = 0.83

For (E * t/d) > 200J (or Dcb > 30 mm):

Dcb = 16.90 (E * t/d) 0"33 - 69.8 r = 0.99
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Uncoated tubes; 0.07" thick walls; I10,30,10] and [80_30.101 layups: 75M psi modulus fibers

(Amoco 11T and 12T Series):

Dhl = 1.202 * (E) 0"33 + 0.612

For E < 158J (or Dh_< 7.7 mm):

Dhb = 1.424 E U'33 + 0.034

For E > 158J (or Dh_> 7.7 turn):

Dhb = 6.281 E U'33 - 26.22

r = 0.98

r = 0.98

Uncoated tubes: 0.07" thick walls; [10,30,101, [80.30,101, and [45.10.451 lavups" 34M and

75M psi modulus fibers (Amoco 6T, 9T, 10T, 1 IT and 12T Series):

Dcl = 2.72 (E * t/d) 0"33 + 4.86
r = 0.84

For (E * t/d) < 230J (or D < 30 ram):

Dcb = 6.31 (E * t/d) _b33 - 5.72 r = 0.88

For (E * t/d) > 230J (or Dcb > 30 mm):

Dcb = 15.50 (E * t/d) 0"33 - 61.8
r = 0.94

Also for (E * t/d) > 230J (or Dcb > 30 ram):

d = [(Dcb + 61.8)/15.5] 1"5. ( 12#r)0"5 * p-0.5, V-I . t-0.5

Coated tube, 0.002" thick aluminum bonded coating, 0.07" thick G/E walls, I10.30.101 layup,

34M psi modulus fibers (2mil AI Coated Amoco 6T Series):

P/d = 1.827 (En)0"33 - 0.0989
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Uncoated tubes; 0.07", 0.11", and 0.14" thick walls; [10,30,10]. I80.30,101, and I45.10.451

layups; 34M and 75M psi modulus fibers (Amoco 6T. 7T. 8T. 9T, 10T, liT and 12T Series):

Dcl = 2.82 (E * t/d) 0'33 + 4.58 r = 0.83

Uncoated McDonnell Douglas tubes, filament wound, 0.07" thick walls,

34M psi modulus fibers:

Dhl = 0.971 * (E) 0"33 - 1.688 r = 0.97

[10.30.101 layup.

Derived from data in previous study (20), 5mg AI & Nylon projectiles,

thick generic flat plate Graphite/Epoxy targets:

Dc/d = 2.72 V 0'67 p0.33 (t/d)0.33 + 0.26

rearranging and neglecting constant:

D c = 4.2 (E * t/d) 0"33

r = 0.97

2mmto 17mm

145



5.0 Impact Damage Estimates for Space Station Truss Tubes

The following sections describe the preliminary assessment made in this study of the

damage potential of orbital debris and meteoroid impact on the truss structure. This

analysis uses the correlations for hole and delamination area sizes presented in Section

4.

5.1 Groundrules for Space Station Truss Failure Study

Studies have predicted that the maximum loads experienced by the truss will occur during

station orbit-keeping reboost and orbiter docking operations (10, p.63; 31, p.d-26). These

distrubance forces cause bending and torsional moments on the truss which result in

axial loads on the individual longeron, batten, and diagonal elements of the truss structure

(truss diagram and element nomenclature given in Figure 3-6). Shear forces and moments

in the truss elements (struts) are negligible. Maximum axial loads in the individual

truss tubes are not expected to exceed 1,067 lbf in the longerons/battens and 600 lbf in

the face diagonals (9, p.155). Loads in the batten diagonals are negligible. Maximum

loads are not experienced in all similar truss members. For instance, reaction control system

and orbiter docking distrubances create highest stresses near the transverse boom and keel

intersections of the phase II dual-keel space station (10). Thus, some truss struts will

always be more suspectible to impact damage because they are exposed to the highest

loads. Other struts may never be exposed to the maximum loads anytime during the

station lifetime and will thus be able to sustain more (larger) impact damage without

failing than the fully loaded struts.

A 1.4 factor of safety is required for nonmetallic flight structures (11, p.3-162). This

factor is multiplicatively applied to the maximum expected service loads to account for

uncertainties in load detrmition, material properties, dimensional discrepancies, etc. The

tube design loads then become 1,500 lbf for the longerons and 850 lbf for the face

diagonals. However, the truss tubes are also required to withstand the maximum loads

that would result from the redistribution of forces through the truss structure with one

strut removed from the structure (a strut may be removed to install or remove payloads

or stored cargo from within the truss, or for repair purposes, etc.). Removing a longeron,

batten, or face diagonal will redistribute the loads in the remaining struts. Redistributed

loads peak in the bay with the missing strut (10, p.70) with the maximum redistributed load
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about double the original load (8, 10). The redistributed loads remain primarily axial in

the individual truss elements. Thus, the truss tubes must be capable of reacting twice

the maximum no-strut-out load, 2,100 lbf for the 5m longerons and 1,200 lbf for the 7m
face diagonals.

The axial loads in the struts will be in both compression and tension. However, it will

be more critical for the tube to withstand compressive loads than tensile. The long

composite tubes (5m - 7m) will fail by buckling from compressive loads well before the

ultimate tensile strength of the graphite-epoxy is exceeded. Graphite-epoxy composites

typically have 60 percent by volume graphite fibers which have high tensile strength.

For instance, low modulus AS4/3501-6 prepreg tape has a tensile strength of 310,000 psi

along the axis of the fibers. For a 0.066" thick, 2" diameter tube with 45" plies, about

500,000 lbf in tension would be required to fail the tube. However, an undamaged longeron

with the same physical parameters will buckle by applying an axial compressive load of

approximately 3,000 lbf. Thus, there is a critical amount of damage that a tube can

sustain before it will fail under the design compressive load.

The space station tubes are essentially fixed-end columns, rigidly attached to truss

nodes at either end. For a fixed-end column, the middle third and very ends of the

tube are subject to the greatest buckling stresses. Other sections of the tube could

thus sustain more damage without failing than the tube middle and ends.

A study was conducted to determine the critical damage size that would result in failure

of a representative space station truss tube under the maximum compressive load that is

likely to be experienced on-orbit. The focus of the study was a 5m longeron tube with

an ultimate axial load of 2,100 lbf. For purposes of the tube, the baseline tube was

defined as graphite-epoxy material in a [+/-10,+/-30,+/-10]s layup, 0.066" wall thickness,

and using low modulus (34M psi) fibers (AS4/3501-6 fiber/resin system). Results of

this study, which was carried out by Hercules Inc., are described in the following section.

5.2 Truss Failure Criteria Study

Hercules applied finite-element analyses to predict the amount of damage that causes a

stability failure in a truss tube under compression. The Hercules report included in

Appendix B presents details of their approach, analysis, and conclusions. Damage to only
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one side of a tube was modelled. Because the residual mechanical properties of the

delamination area were not known, it was assumed that the damage area represented

both the hole and delamination area and that the delamination area was equivalent to

the hole (having no residual stiffness or mechanical properties). A finite element analysis

of a short (6") damaged tube was conducted to determine flexural rigidity (El) as a

function of damage size. A second finite element used the results from the fixst to

predict the critical buckling load for a full-length (5m) tube as a function of the amount

of damage. The damage was always located at mid-colunm as the worst case. A model

check was made for an undamaged tube. The model predicted a critical buckling load

that favorably compared to the closed form Euler solution to column buckling.

For the ultimate load, a 5.4 in 2 (2.6" diameter) hole/delamination area was predicted to

result in buckling failure of a longeron. It was suggested that although it was conservative

to assume the delamination area did not contribute to tube stiffness, the modeling approach

was unconservative in another respect by not accounting for the local moment generated

at the damage point in the full-length tube model by the eccentric loading caused by

the shift in the tube's neutral axis. Further study was recommended to ascertain the

contribution of the induced moment to stability failure of a tube. Bending tests were

also recommended for the impacted test elements to determine the effect of the delamination

area on tube EI. Unfortunately, the 6" test specimens were too short to effectively

conduct this structural test (see Section 3.5).

5.3 Lifetime Impact Damage Projections

The most obvious failure mode for truss elements associated with hypervelocity impact is

the case in which a particle impacts a truss element and damages it such that it subsequently

fails in buckling. This studies experimental results were applied to project the lifetime

failure rate of truss members from meteoroids and debris large enough to cause immediate

failure. Hercules' predicted 5.4 in2 damage area that results in buckling failure was

used in this analysis. Thin, low modulus tube properties (0.066" wall thickness, 34M psi

fibers, [10,30,10] layup) are used in this analysis. It is assumed that the coating does

not provide any penetration resistance. Because the Hercules analysis was for the 5m

tubes only, it was also assumed that the lower ultimate load experienced by the 7m

diagonals would exactly offset the lower critical buckling load and, therefore, a 5.4 in2

critical damage area is a good approximation for the diagonals as well. The number of
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truss falures over the 30 year design life range from zero to less than 5 depending on

the assumptions made. This is not many. However, this is not calculated as a 5% probability

of failure, but a 100% probability. A 95% reliability against meteoroid and debris failure

is suggested in one reference for non-critical (or redundant) hardware (25, p.13-2).

Table 5-1 shows the predicted strut replacements for the phase I space station and

Table 5-2 shows the same thing for the phase II space station. To summarize:

Assuming that the mechanical properties of the delamination area are totally degraded

and contribute zero flexural rigidity (EI) for resisting buckling, the meteoroid and debris

sizes that will produce the 5.4 in2 critical damage size are:

Particle Diameter (mm) Mass (rag)
Meteor_. _Debris Meteor. Debris

2.5 2.3 4.3 18.1

Flux (#/m2/yr)

Meteor. Debris

6.10E-5 1.39E-4

Since in this case the delamination zone is assumed to provide zero structural support

(the same as a hole), the particle sizes shown above represent the smallest size that could

possibly cause failure of a strut (with the properties given above). The critical particle

diameter was calculated by applying the equation developed for correlating projectile

energy E (J), diameter d (mm), tube wall thickness t (mm), to the total C-scan equivalent

circular diameter, Dcb (mm), for both walls:

Dcb = 15.5 (E * t/d) 0"33 - 61.8

Which was valid for predicting projectile parameters that result in C-scan diameters

greater than 33 mm. In this case, Dcb = 66.6 ram. Rearranging this equation to solve

for projectile diameter, d (mm) in terms of projectile density, p (g/cc), and velocity, V

(km/sec):

d = [(Dcb + 61.8)/15.5] 1"5 * (12/_) 0"5 * p-0.5, V-1 , t-0.5

For purposes of this calculation, average meteoroid velocity was assumed to be 20 km/sec

and density to be 0.5 g/cc. Average orbital debris velocity was assumed 9.3 km/sec and

density 2.8 g/cc. Tube thickness was 1.676 mm.

149



If half of the delamination area represents total loss of stiffness/mechanical properties,

then the following particle sizes would cause the critical damage area of 5.4 in2:

Particle Diameter (mm) Mass (mg) Flux (#/m2/yr)

Meteor. Debris Meteor. .Debris Meteor. Debris

3.9 3.6 16.0 67.3 1.23E-5 4.61E-5

These critical particle sizes were determined from the following equation and assuming a

through hole to delamination diameter ratio of 4/15:

d = [(I 19 Dcb/(19 - 15 CF)} + 61.8)/15.5] 1"5 * (12/7t) 0"5 * p-0.5, V-1, t-0.5

where the C-scan factor, CF = 0.5, was used to describe the fraction of the delamination

region that represented good material.

If no flexural rigidity is lost in the delamination zone, than only through holes contribute

to structural instability. This is unlikely, but it is the boundary condition that describes

the particle sizes that would certainly produce the critical amount of tube damage.

The meteoroid and orbital debris particle sizes that produce holes in the first and second

tube walls with a combined area equal to the critical damage area are:

Particle Diameter (mm)
Meteor. Debris

Mass (mg) Flux (#/m2/yr)

_. Debris Meteor. Debris

5.1 4.8 34.2 158 4.89E-6 2.25E-5

These sizes were calculated by applying the equation relating hole diameter (equivalent

circular hole diameter for all holes in both tube walls), Dhb (mm), to projectile energy,

E (J):

Dhb = 4.54 (E) 0"33 - 19.54

As explained in Section 4, this is a correlation developed from all low-modulus (34M psi)

uncoated tube data with Dhb > 5 mm. In this case, Dhb = 66.6 mm. The equation is

rearranged to determine the critical projectile diameter, d (mrn), as a function of projectile

density, p (g/cc), and velocity, V (km/sec):
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d = [(Dhb + 19.54)/4.54] * (12/_) 0"33 * p-0.33, V-0.667

The flux of meteoroid and orbital debris particles of the indicated diameter and larger

was calculated from the equations given in Section 3. As given in Table 5-2, the phase

II station has a truss surface area of 710 m 2. If only one half of the total number of

tubes are assumed to be subjected to loads at or near the maximums used in this analysis,

the truss area of interest drops to 355 m 2. The finite element analysis indicates a

tube with fixed ends is more susceptible to buckling failure when damaged in the middle

or a either end, but not 1/4 of the way from either end. If it is assumed that only 1/3

of the tubes loaded to the maximum are susceptible to this kind of damage, the truss

area of concern for damage decreases to 120 m 2. As discussed in Section 3, the total

number of impacts over the 30 year design life is directly related to surface area.

Thus, the number of impacts that would cause tube failure decreases with reduction of

the vulnerable surface area. Similar arguments can be applied to the total phase I truss

surface area of 225 m 2. Summarizing the calculations of the expected number of tube

failures (rounded up) from the combined meteoroid and debris impact flux on the entire

truss, on 1/2 of the truss, and on 1/6 of the truss, over the 30 year lifetime:

Station

Phase II

Phase I

Percent of C-Scan
That has__.___Failed

Number of Impacts From Met. & Debris
with Critical Diameter and Greater on:
Full Truss 1/2 Truss 1/6 Truss

100% 5 3 1
50% 2 1 <1

0% 1 <1 <1

100% 2 1 <1
50% <1 <1 <1

0% <1 <1 0

It should be kept in mind that although only a certain fraction (whether 1/6 or 1/2 or

more) of the truss is the most vulnerable to impact damage, depending on replacement

procedures, all tubes with the critical damage area will prehaps need to be replaced,

regardless of the location of the damage on the tube or the location of the tube in the

truss. A truss diagram showing loads in several configurations could be used to derive

a better estimate of the percentage of tubes exposed to the ultimate load and whether

certain truss areas on the station should be designated as "critical" places to inspect for

damage. Segregated truss areas might make it practical to schedule and perform an
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inspection of these critical tube areas for damage and possible replacement prior to

events that generate ultimate loads in the truss (reboost or shuttle docking).

Another difficulty might be in distinguishing critical damage that requires tube replacement

from non-threatening damage. Damage observed optically is only a fraction of the total

damage revealed by ultrasonic scanning. Thus, more tubes than indicated by the above

analysis might be replaced in practice unless (or even if) ultrasonic or other non-destructive

test equipment is designed and used on-orbit.

The amount of delaminated area around a penetration that actually represents failed

tube and reduced stiffness needs additional study. A bending test on impacted specimens

and more analysis will allow a better determination of the effect of the delaminated

area. A related question concerns how the delaminated area on the tension side of a

buckling tube should be treated. In this analysis, it was assumed that the delaminated

area on the tension side was essentially equivalent to the delaminated area on the compressed

side of the tube in terms of mechanical properties of stiffness and rigidity. However,

the delaminated area in tension may be less "failed" then in compression. This assumption

requires more study.

The damage size that results in failure also deserves more study. Finite element model

predictions should be compared to actual buckling tests of shorter or full-scale tubes.

This analysis was for low modulus fiber tubes. High modulus fiber tubes are stiffer,

more resistant to buckling, and will require larger damage areas to fail. Because delaminated

(C-scan) areas for high modulus tubes were similar to low modulus, the number of failures

could be reduced by a factor of two or more. However, the through-hole size for high

modulus tubes were -1.5 times low modulus tube holes for the same impact conditions,

indicating that the residual stiffness of the hole/delaminated damage area may be less for

high modulus tubes. Bending tests would provide substantiating data.

5.4 Atomic Oxygen Protective Coating Considerations

The equation presented in Section 4 that correlates exposed graphite epoxy area (where

2 rail thick aluminum coating peeled away from a perforation) to projectile conditions was:

P/d = 1.827 (En)0"33 - 0.0989
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where P (mm) is the equivalent circular diameter of the exposed region (not including

the perforation or crater area), d (mm) is the projectile diameter, and E n (J) is the projectile

energy determined from the velocity normal to the target surface. Table 5-3 gives the

results of compensating the exposed area for peeling as calculated in the above equation

to determine how long all tubes of the phase I space station will each have an area

equal to 5.4 in2 exposed to atomic oxygen. The results of this analysis for a 2 mil

soft aluminum coating (Al 1100-0) are similar to that obtained in Section 3.2, indicating

that a 2 mil soft coating provides borderline protection against atomic oxygen attack

over the entire 30 year period. A 2 mil coating made with a harder aluminum alloy

would probably be adequate.
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Table 5-1. Failure Frequency for Phase I Space Station Truss Tubes

Meteoroid density (g/cc) 0.5
Debris density (g/cc) 2.8
Ave. meteoroid velocity (kin/s) 20
Ave. debris velocity (km/s) 9.3

Strut Diameter (in) 2.1
Tube Thickness (in) 0.066

Longeron/Batten Length (m) 5
Diagonal Length (m) 7
Number Bays 29
Number Longerons & Battens 236
Number Diagonals 146
Truss area (m^2) 224.6

Earth's radius (kin) 6378.145
Station orbital altitude (kin) 500

Earth defocusing factor 0.968596
Earth shielding factor 0.668024

Station Lifetime (yrs) 30

Critical Damage Area (in^2) 5.4
Critical Damage Diameter (mm) 66.6

(cm) 5.334
(ram) 1.6764
SA (m^2) 0.838
SA (m^2) 0.184

SA (m^2) 197.7
SA (m^2) 26.9

Met. Debris Particle Flux
Truss Particle Particle Particle Mass (incl. SF,DF)
Area Diameter Diameter Met. Debris Met. Debris

(m^2) (cm) (cm) (g) (g) (#/mA2-y r)

For C-Scan Having 0% Mechanical Properties:
Entiretruss area:
224.6 0.2545 0.2313 4.32E-03 1.81E-02 6.10E-05 1.39E-04

1/2 tubes w/ult.load:
112.3 0.2545 0.2313 4.32E-03 1.81E-02 6.10E-05 1.39E-04

1/2 tubes + 1/3 robe susceptible:
37.4 0.2545 0.2313 4.32E-03 1.81E-02 6.10E-05 1.39E-04

For C-Scan Having 50% Bending Rigidity and Mechanical Properties:
Entire truss area:
224.6 0.3940 0.3581 1.60E-02 6.73E-02 1.23E-05 4.61E-05

1/2 tubes w/ult.load:
112.3 0.3940 0.3581 1.60E-02 6.73E-02 1.23E-05 4.61E-05

1/2 tubes + 1/3 tube susceptible:
37.4 0.3940 0.3581 1.60E-02 6.73E-02 1.23E-05 4.61E-05

For C-Scan Having 100% Mechanical Properties:
Entire truss area:
224.6 0.5072 0.4758 3.42E-02 1.58E-01

1/2 tubes w/ult.load:
112.3 0.5072 0.4758 3.42E-02 1.58E-01

1/2 tubes + 1/3 robe susceptible:
37.4 0.5072 0.4758 3.42E-02 1.58E-01

4.89E-06 2.25E-05

4.89E-06 2.25E-05

4.89E-06 2.25E-05

Number Impacts
of given Diameter Probability of
and greater No Impact
Met. Deb. Total Met. Deb. Total

(#/3Oyrlife)

0.4 0.9 1.3 0.66 0.39 0.26

0.2 0.5 0.7 0.81 0.63 0.51

0.1 0.2 0.2 0.93 0.86 0.80

0.1 0.3 0.4 0.92 0.73 0.67

0.0 0.2 0.2 0.96 0.86 0.82

0.0 0.1 0.1 0.99 0.95 0.94

0.0 0.2 0.2 0.97 0.86 0.83

0.0 0.1 0.1 0.98 0.93 0.91

0.0 0.0 0.0 0.99 0.98 0.97
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Table 5-2. Failure Frequency for Phase H Space Station Truss Tubes

Meteoroid density (g/cc) 0.5
Debris density (g/cc) 2.8
Ave. meteoroid velocity (kin/s) 20
Ave. debris velocity (km/s) 9.3

Strut Diameter (in) 2.1
Tube Thickness (in) 0.066
Longeron/Banen Length (m) 5
Diagonal Length (m) 7
Number Bays 93
Number Longerons & Battens 744
Number Diagonals 465
Truss area (m^2) 709.0

Earth's radius (km) 6378.145
Station orbital altitude (kin) 500

Earth defocusing factor 0.968596
Earth shielding factor 0.668024

Station Lifetime (yrs) 30

Critical Damage Area (in^2)
Critical Damage Diameter (mm)

5.4

66.6

(cm)
(mm)
SA (m^2)
SA (m^2)

SA (m^2)
SA (m^2)

5.334
1.6764
0.838

0.184

623.4
85.7

Met. Debris Particle Flux

Truss Particle Particle Particle Mass (incl. SF,DF)
Area Diameter Diameter Met. Debris Met.

(m^2) (cm) (cm) (g) (g) (#/m^2-yr)

For C-Scan Having 0% Mechanical Properties:
Entire truss area:

709.0 0.2545 0.2313 4.32E-03 1.81E-02 6.10E-05

1/2 tubes w/ult.load:
354.5 0.2545 0.2313 4.32E-03 1.81E-02 6.10E-05

1/2 robes + 1/3 tube susceptible:
118.2 0.2545 0.2313 4.32E-03 1.8 IE-02 6.10E-05

Debris

Number Impacts
of given Diameter Probability of
and greater No Impact
Met. Deb. Total Met. Deb. Total

(#/30yr life)

1.39E-04 1.3 3.0 4.2 0.27 0.05 0.01

1.39E-04 0.6 1.5 2.1 0.52 0.23 0.12

1.39E-04 0.2 0.5 0.7 0.81 0.61 0.49

For C-Scan Having 50% Bending Rigidity and Mechanical Properties:
Entire truss area:
709.0 0.3940 0.3581 1.60E-02 6.73E-02 1.23E-05

1/2 tubes w/ult.load:
354.5 0.3940 0.3581 1.60E-02 6.73E-02 1.23E-05

1/2 tubes + 1/3 tube susceptible:
118.2 0.3940 0.3581 1.60E-02 6.73E-02 1.23E-05

4.61E-05 0.3 1.0 1.2 0.77 0.37 0.29

4.61E-05 0.1 0.5 0.6 0.88 0.61 0.54

4.61E-05 0.0 0.2 0.2 0.96 0.85 0.81

For C-Scan Having 100% Mechanical Properties:
Entire Iruss area:

709.0 0.5072 0.4758 3.42E-02 1.58E-01

1/2 tubes w/ult.load:
354.5 0.5072 0.4758 3.42E-02 1.58E-01

1/2 tubes + 1/3 tube susceptible:
118.2 0.5072 0.4758 3.42E-02 1.58E-01

4.89E-06

4.89E-06

4.89E-06

2.25E-05 0.1 0.5 0.6 0.90 0.62 0.56

2.25E-05 0.1 0.2 0.3 0.95 0.79 0.75

2.25E-05 0.0 0.1 0.1 0.98 0.92 0.91
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Table 5-3. Exposure of 2 mil Aluminum Coating Compensated for Peeling

Coating Properties:
Type AI 2024-T3
Thickness (in) 0.002
Density(g/cc) 2.712
Brinell Hardness 145

Space Station Properties:
Operational Lifetime (yr) 30

Truss Properties:
Tube thickness (in) 0.066

Tube O.D. (in) !2_Im_,)SurfaceArea of 5m Long Struts
Surface Area of 7m Long Slruts (m)
Hole Diameter to Fail 5m Tube (cm)

Atomic Oxygen Properties: ?
Fluence on ram-facing surfaces (atoms/cm--yr)
G/E Reactivity Rate (cm^3/atom)
Recession Rate (cm/yr)
(for uncoated ram-facing surfaces)

0.00508 (cm)

1.6764 (mm)
5.334 (cm)

0.84
1.17
2.6

1.091E+21
2.600E-24
2.836E-03 0.001116 (in/yr)

Meteoroid Flux Parameters:
Earth'sradius(kin)
Station orbital alt. (kin)

Earth defocusing factor
Ea_ shielding factor

Percent of Unprotected Tube Thickness Erroded During Lifetime 50.8%

Meteoroid Debris

Particle Density (g/cc) 0.5 2.8
Particle Velocity (km/s) 20 9.3

Particle Critical Diameter (cm) 0.0049 0.0036
above which crater depth exceeds coating thickness (from Cour-Palals, ReL24, p.265)

Particle Mass (g) 3.05E-08 6.60E-08
Particle Energy (J) 0.006 0.003

Particle Flux (#/m2-yr) 19.3 5.14

with critical diameter and greater that will perforate coating.

Total Perforation Flux (#/m2-yr) 24.47

Lifetime Coating Perforations on 5m Strut 615
Lifetime Coating Perforations on 7m Strut 861

Lifetime Perforation Density (#/cm 2) 0.073

Max. Size Particle On 5m Strut In Lifetime:
Particle Mass (g) 2.13E-05 2.15E-05
Particle Diameter (cm) 0.0433 0.0245

Average Particle Dia (cm) 0.024 0.014

Average Dia. G/E Exposed (cm) 0.096 0.059
(assume hemispherical crater and no surface delamination)

Exposed G/E area on 5m struts (cm2/yr) 0.076 0.012

Critical Area (cm 2) 5.40
per 5m truss tube thai must be exposed to atomic oxygen before failure possible

Total Exposed area on 5m struts (cm2/yr) 0.088

Number of years before critical 62
graphite/epoxy area is uncovered on 5m struts

6378.145
5O0
0.968596
0.688024
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6.0 Conclusions

From Section 3:

. The number of impacts from the combined meteoroids and debris flux on the space

station truss tubes is summarized below:

Truss

Ara
Combined Number of Impacts on Truss Struts Per Year

From Particles With Given Diameter (mm) And Greater:
0.01 0.1 0.5 1.0 2.0

Phase I 225 75,900 1,068 6.8 0.68 0.078
Phase II 710 239,400 3,369 21.4 2.14 0.247

.

.

Every year, meteoroids and debris will create -25/m 2 perforations in a 2 mil thick

aluminum (alloy 2024-T3) used for protecting the graphite-epoxy tube from atomic

oxygen erosion. The number of perforations can be substantially decreased by

thicker coatings or by using a harder aluminum. Increasing the aluminum coating

thickness from 2 mils to 6 mils will decrease perforations by a factor of 8, but

will add weight. A hard A1 2024-T3 coating reduces complete penetration by a

factor of 2 over a soft A1 1100-0 coating, without an increase in weight.

Structural compressive tests of selected 6" tube specimens were successful in deter-

mining the tubes' elastic modulus in compression and axial rigidity (EA). The

derived modulus compared favorably with a modulus determined from ultrasonic

testing and a vendor supplied modulus.

. Holes less than 0.5" in diameter could not be detected by changes in EA or elastic

modulus in compression.

. The Phase I Space Station truss tubes will be impacted by approximately 5 meteoroid

and debris particles over a 30 year lifetime with a diameter equal to or greater

than the size of the projectile used most often in the impact testing, a 1.6 mm

aluminum sphere. The largest particle used in the study (4.4 mm nylon slug) did

not break a tube specimen having a [10,30,10] layup, 34M psi modulus fibers, 0.07"

tube wall thickness. There is only a i in 5 chance that a particle of this size or

greater will impact the Phase I station tubes in 30 years.
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From Section 4:

.

.

From impact experiments, it was determined that fiber modulus influenced the magnitude

of hypervelocity impact damage to a greater extent than the ply orientation of the

graphite-epoxy layup. Low modulus (34M psi) fiber tubes and flat plates exhibited

peeling of the surface plies near the impact point. High modulus (75M psi) did not

peel. Larger holes (in both walls of tube specimens) were created in the high

modulus targets compared to similar impacts into low modulus targets. Low and

high modulus targets experience generally the same area of internal delaminations

and damage around the impact point (and the far wall of a tube across from the

impact point) revealed by ultrasonic C-scans of the composite. Differences in ply

orientation made no notable difference in the overall area of the impact induced

holes, craters, and C-scan damage.

The following equation relating projectile energy and the equivalent circular hole

diameter for combined first and second walls was developed for tubes with low modulus

fibers (34M psi) and 0.07" thick walls. For projectile energy, E (J), less than 155J

or for a combined-waU hole diameter, Dhb (mm), less than 4.8 mm:

Dhb = 1.14 E 0"33 - 1.29

And for E greater than 155J, or Dhb greater than 4.8 mm:

Dhb = 4.54 E 0"33 - 19.5

The transition at E=155J to a steeper slope curve results from the greater damage

to the second wall of the tube due to expansion of projectile and target debris

behind the first wall. The above equations were found to adequately fit low modulus

tube data regardless of ply orientation. Thicker tube data (0.11" and 0.14") generally

matched the above equations for E < 155 J, but data was unavailable to determine

the transition point to a steeper sloped curve. A similar equation was developed

for tubes with high modulus fibers (75M psi) and 0.07" thick walls. For projectile

energy less than 158J, or combined-hole diameter less than 7.7 rmn:
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.

Dhb - 1.424 E 0"33 + 0.034

And for E greater than 158J, or Dhb greater than 7.7 mm:

Dhb = 6.281 E 0"33 - 26.22

For all high and low modulus tubes, a correlation was developed that relates the

diameter of the ultrasonic C-scan region for both wails, Dcb (mm), with projectile

energy, E (J), projectile diameter, d (mm), and tube wall thickness, t (mm):

For (E * t/d) < 230J, or Dcb < 30 mm:

Dcb = 6.31 (E * t/d) 0"33 - 5.72

,

For (E * t/d) > 230J, or Dcb > 30 mm:

Dcb = 15.50 (E * t/d) 0"33 - 61.8

Projectile energy can be substituted with parameters such as velocity, V (krn/sec),

density, p (g/cc), and diameter, d (mm). Thus, the previous equation would become:

d = [(Dcb + 61.8)/15.5] 1"5 * (12/_) 0"5 * p-0.5, V-1, t-0.5

The above correlations are valid for projectile impact obliquity angles up to 45"

from the target surface normal. Greater obliquity angles were not tested. Damage

to the second wall of the tube did not vary significantly with changes in radial

obliquity impacts. Impacts at a 45 ° angle to the longitudinal axis of the tube

also resulted in similar damage areas on the first wall as with normal impacts.

However, less damage to the second wall of the tube resulted for high longitudinal

obliquity shots (at 45" and greater) due to the greater distance between first and

second wall at this angle. More data would be needed to quantify the effect of

longitudinal obliquity impacts, but all are expected to result in less damage to the

second wall than a normal angle impact.
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. Data for fiat plates corresponded well with the correlations developed for the first

wall hole of the tubes. For tubes and plates with low modulus (34M psi) fibers,

projectile energy, E (J), and hole diameter, Dhl (mm), were related by:

Dhl = 0.927 * (E) 0'33 - 0.536

A similar relationship was developed for high modulus tubes and plates:

Dhl = 1.202 * (E) 0"33 + 0.612

The low modulus tube targets prone to surface ply peeling around the impact point

were also susceptible to peeling as flat plates. C-scan data between tubes and fiat

plates showed similar trends with projectile energy, however, the fiat plate C-scan

data was substantially more variable (see Section 4). Thus, impact testing of fiat

plates could probably be substituted for tubes as long as only the effects on first

wall damage was required. The flat plate C-scan data should only be used in com-

parison with other fiat plate data. Because the fiat plate C-scan data in this

study were so variable, extrapolation to tube first wall C-scan size should be confirmed

with actual testing of representative tube targets.

, Peeling of a 2 mil A1 1145-H19 layer bonded to a low modulus tube occured in the

direction of the underlying surface ply orientation. An equation was developed

that related the equivalent circular diameter of the underlying exposed graphite-

epoxy region of the 2 mil aluminum coated tubes, P (ram) which does not including

the perforated/crater area, to the projectile diameter, d (nun), and energy normal

to the surface, E n (J).

P/d = 1.827 (En)0"33 - 0.0989

The 6 mil aluminum coating did not peel at the largest projectile tested (1.6 mm

aluminum sphere), but is expected to for larger projectiles. The hole size in the

first wall of coated tubes was essentially equivalent to the hole size in uncoated

tubes for the same impact conditions. C-scan diameter was less for the coated

tubes in comparison to uncoated tubes at lower projectile energies (E*t/d < 250J),

but approached more closely uncoated tube results as projectile energy increased.
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. Tubes containing high modulus fibers (75M psi) manufactured by Morton Thiokol

performed similarly to the high modulus tubes used in most of the testing (made by

Amoco). Front wall damage to filament wound tubes made by McDonnell Douglas

(with 34M psi fibers) closely matched results from tests on low modulus Amoco

tubes. However, the filament wound tubes were less likely to sustain perforation

of the second wall. More filament wound tubes and data would be needed to exactly

quantify the advantage.

. Regardless of ply layup or fiber modulus, the truss tubes appear to be resilient to

complete failure from hypervelocity impact. The largest particles used in the study

(a 3.2 mm aluminum sphere and a 4.4 mm nylon slug) did not break a low modulus

tube. The probability of impact from 3.2 mm and 4.4 mm particles and greater on

the Phase I truss tubes over 30 years is only 0.45 and 0.21, respectively. The

impact probability for the Phase 1I truss tubes over 30 years from 3.2 mm particles

and greater is 0.85, and 0.53 from 4.4 mm particles and greater.

9. Additional derived correlations are given in Section 4.9.

From Section 5:

. A finite element model study concluded that a 5.4 in2 hole/delamination area was

required (2.6" diameter) to cause failure of a 5 m space station tube under the ultimate

compressive load expected on-orbit. Important groundrules for the study were that

the struts would be exposed to primarily axial loads, that the tubes would fail by

buckling in compression prior to a tensile failure, and that 2,100 lbf is the maximum

compressive load experienced by a 5 m tube (and 1,200 lbf for a 7 m diagonal

strut) on-orbit for a one-strut out condition. Tube properties were baselined for a

[10,30,10] layup, 34M psi modulus fibers, and 0.066" thick tube walls. The residual

mechanical properties of the delamination zone were conservatively set to zero for

the study. This approach was taken since the effect of the delamination zone on

tube flexural rigidity (EI) was not known. The critical buckling load of the tube

is related to EI. It was suggested that bending tests of the impacted tests elements

would be useful in determining the effect of the delamination area on El. Unfort-

unately, the 6" test specimens were too short to conduct this structural test.
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. The study assumed that the damage occured at the midpoint of a loaded strut.

The most damage-sensitive portions of a fixed end tube in compression are in the

middle and at either end. A quarter of the tube's length from either end are low

stress points in buckling and could sustain more damage without failure. Not all

of the tubes of the Space Station will be subjected to the maximum loads. Charts

of the loads in the truss elements for a number of cases would be needed to determine

the number of tubes subjected to loads at or near the maximums used in the finite

element study. Thus, the critical damage size that would result in truss tube fail-

ure varies with damage location along the tube and location of the tube in the

truSS structure.

.

Truss

Assuming worst case conditions-that all truss tubes and all locations along the tubes

are equally susceptible to failure from damage, that failure requires a 5.4 in 2 hole/-

delamination damage area, and that the entire delamination area represents zero

compressive strength or stiffness-the combined number of meteoroid and debris

impacts that would result in strut failure over a 30 year lifetime was calculated as:

Strut Critical Diameter (mm)

Resulting in Failure
Meteoroids Debris

Total Number of Impacts
from Particles With
Critical Diameter & >

Phase I
Phase II

225 2.5 2.3 2
710 2.5 2.3 5

Thus, a worst case estimate of the number of tube failures is 5 for the Phase II

station truss (approximately 1,200 struts) over the 30 year station lifetime. Note

that this calculation does not involve any probabilities, there is an essentially 100

percent probability that impacts on truss tubes from the given particle sizes will

happen. Fortunately, the failure number is not expected to be large. However,

means and procedures must be developed to find and identify tubes with the critical

damage (many others will have lesser damage), and to develop repair or replacement

procedures.

.
It was calculated to take several times the 30 year station lifetime for the combined

flux of small meteoroid and debris particles to expose an area equal to the critical

damage size (5.4 in 2) from all the truss tubes, given protection from a 2 mil hard
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aluminum coating. If it is assumedthat atomic oxygen only attacks exposed graphite-

epoxy surfaces (and does not create cavities beneath the coating), a 2 mil thick

hard aluminum coating should provide sufficient protection against both atomic

oxygen attack and small meteoriod/debris erosion.
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7.0 Recommendations

l° Additional finite element modelling is needed to confirm the predicted critical damage

size resulting in strut failure. Either scaled or full-scale (5m-7m long) buckling

tests of damaged graphite/epoxy tubes are recommended to confirm the modelling

results.

,

°

°

°

Appropriate structural tests of impacted test specimens are needed to develop an

understanding of the effect of delamination zone on tube mechanical properties.

Four 6" tube specimens (6-T-l, 6s-T-l, 9-T-l, and 10-T-l) with a single hypervelocity

impact can be made available for compression tests. Section 3.5.3 describes how

the results could be used to determine the effect of delamination on the axial rigidity

(EA) within the damage zone.

If a bonded aluminum foil is selected for atomic oxygen protection, a hard aluminum

alloy is recommended to reduce the number of perforations by small meteoroid and

debris particles.

Low-modulus filament wound tubes looked promising in suppressing perforation of

the second wall. Therefore, use of filament wound tubes for Space Station should

be further explored. However, the delamination region for damaged filament wound

tubes was slightly greater than the roll-wrap baseline. Thus, an unqualified recom-

mendation for filament wound tubes can not be made until a comparison test of

the mechanical properties of the damaged tubes is complete.

The hypervelocity impact characteristics of the final selected graphite-epoxy tube/atomic

oxygen coating combination should be ascertained in a short impact test program.

In particular, the impact induced delamination properties of the coating should be

studied.

° Impacted tubes should be thermally and mechanically cycled to determine if the

delamination zone grows under cyclical loadings.

7. The predicted number of tube replacements should be recalculated with any future
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changes in the orbital debris environment model.

new information on critical damage size.

Updates are also needed with

. Procedures for on-orbit truss inspection and identification of critically damaged tubes

should be developed. Development of portable hand-held non-destructive testing

equipment and tools (ultrasonic C-scanners, etc.) may be required. A visually obvious

clue (such as obvious damage to both sides of a tube) may simplify the task of

indentifmg those tubes damaged enough to require replacemem, but the implications

on the predicted number of tube replacements should be assessed.
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FOREWORD

This study was conducted for Eagle Engineering Incorporated, Houston Texas
under A.O. 3215. The purpose of this study was to analytically determine the amount of
damage a truss tube element of a given geometry and material design can sustain after
hypervelocity impact by orbital debris or meteoroids.

This report summarizes the effort conducted by Hercules. Messrs. R. F. Cilensek
and R. G. Wendland, 3r. were the Principal Investigators for Hercules. Messrs. W. Stump
and E. Christiansen directed this study for Eagle Engineering. The period of performance
was 3une i, 1986 to 3uly l l, 1986.
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1.0 INTROOUCTION

The objective of this study was to analytically assess the effects of penetrations
in Space Station truss tubes subjected to orbital debris and meteoroid impact. The goal
was to predict the critical amount of damage which would cause failure of the baseline
tube designs which will be tested in the light gas gun at NASA/3SC. Failure is considered
as the point at which the tubes can no longer meet the design loads and/or stiffness
requirements. [n addition to the amount of damage, Hercules was asked to estimate the
location along the tube length which is most critically affected by the damage.

The report presents the assumptions and analytical methods used and discusses
approaches for the test program to extract meaningful data that can be used to correlate
with the analytical predictions.

5712z
-I-
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2.0 APPROACH

2.I REQUIREMENTS

Requirements for the tubes were provided by Eagle and are summarized in Table [.

Two tube geometries were supplied for analysis. The first was a longeron and
batten tube of 16.4 feet in length. The second was a diagonal member of 23.2 feet in
length. Both tubes have a 2.0 inch outside diameter and a wall thickness of 0.066 inches.
It was agreed in the initial telecon with Eagle Engineering that the 16.4 foot truss
member would be the focus of this analysis. The ultimate load of this truss member is
2,134 pounds in tension and compression. For analysis of the tube, the assumed end
conditions are critical, it was agreed in the telecon that the analysis would assume both
ends of the tube fixed.

2.2 MATERIAL PROPERTIES

The baseline tube design specifies a layup of (+_10°, +_30°, +10°)2 . The
baseline material is AS4/150l-6. Tubes of the same layup but using P75 graphRe-epoxy
will also be tested at NASA/3SC, and we were asked to provide some insight into the
effects of using a high modulus material such as P75. Table [I presents lamina material
properties for AS4/3501-6 and P75/350l-6 and Table l[I presents the predicted laminate
properties for the designed layup. Laminate properties were determined using laminated
plate theory. The laminate strength values are based on first ply failure using the
maximum strain failure criterion. Table iV presents a comparison of the axial (EA),
bending (El), and torsional (C3) stiffnesses of the baseline layup for AS4/350 !-0 and
P7513501-6.

2.3 ANALYSIS

The failure mode which is critical in the damaged truss tube is a stability failure
under compression. Therefore, the analysis was focused on predicting the amount of

damage that would cause a stability failure. [n selecting an appropriate analytical
technique two objectives had to be achieved: i) the analysis had to correlate to the six
inch test specimen, and 2) the analysis had to predict the effect of damage on the full
length member. Based on these two requirements, two separate numerical finite element
models were used. One model represented the six inch test specimen, the other the full
length tube.

The first model was used to discreetly model the applied damage in the six inch
test specimen. Two types of damage would occur in the test specimen: 1} through hole
penetration, and 2) a large surrounding zone of delamination. In the finite element
model, the damage was modeled by completely degrading the mechanical properties of the
elements in the damage zone. This assumption was made because it is not obvious how
much stiffness is lost in the delamination area. Mechanical testing of the damaged tubes
will provide more insight to the actual effect of the delamination zone. For this analysis,
completely degrading the properties in the delamination zone is conservative.

5712z
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TABLE I

TRUSS TUBE REQUIREMENTS

MATERIAL

AS4/3501-6

LAYUP

(+10 °, +30 o,+_10°)2

GEOMETRY

LENGTHS

LONGERSON & BATTENS = 16.4FT (TEST PIECES ARE 6 IN. LONG)
FACE & BATTEN DIAGONALS = 23.2 FT

THICKNESS : 0.066 IN.

OUTSIDE DIAMETER = 2.0 IN.

ULTIMATE LOADS

AXIAL TENSION AND COMPRESSION

LONGERONS & BATTENS = 2,134 LB

FACE DIAGONALS = 1,200 LB

5712z
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TABLE I[

NOMINAL UNIDIRECTIONAL MATERIAL PROPERTIES FOR
AS4/3501-6 AND P75/350I-6

PROPERTY A S4/3501-6

LONGITUDINAL MODULUS, Ell (msi) 20.7

TRANSVERSE MODULUS, E22 (msi) 1.40

POISSON'S RATIO, vi2 0.30

IN-PLANE SHEAR MODULUS, G[2 (msi) 0.7l

LONGITUDINAL COEFFICIENT OF THERMAL EXPANSION,

10 -6 [N/IN/_F

TRANSVERSE COEFFICIENT OF THERMAL EXPANSION,

10-6 IN/IN/°F 11.8

T (ksi) 253.0LONGITUDINAL TENSION STRENGTH, S! I

LONGITUDINAL COMPRESSIVE STRENGTH, sCI (ksi) I74.0

.0.035

P 75/3501-6

40.9

1.63

0.26

1.50

-0.543

I6.0

96.5

54.4
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TABLE Ill

NOMINAL PROPERTIES FOR [±IO, ±30, ±I0]2
LAMINATE OF AS4/350I-6 AND P75/3501-6

.PROPERTY

AXIAL MODULUS, E x (msi)

TRANSVERSE MODULUS, Ey (msi)

POISSON'S RATIO, v
xy

IN-PLANE SHEAR MODULUS, Gxy (msi)

AXIAL COEFFICIENT OF THERMAL EXPANSION,
I0-6 IN/IN/OF

TRANSVERSE COEFFICIENT OF THERMAL EXPANSION,
I0-6 IN/IN/OF

AXIAL TENSION STRENCTH, ST (ksi) (1)
X

AXIAL COMPRESSIVE STRENGTH, SC (l<si) (1)
X

AS4/3501-6

15.3

1.68

1.03

2.23

-0.67

8.77

90.7

46.2

1 First ply failure--maximum strain criterion.

TABLE IV

COMPARISON OF AS4/3501-6 AND P75/)501-6
TRUSS TUBE STIFFNESS

PROPERTY AS4/350 ! -6 P75/3501-6

-- LAMINATE (1) ,L,AMINATE (1)

AXIAL STIFFNESS, EA (Ib) 6.14 x 106 12.0 x 186
BENDING STIFFNESS, EI (lb-in 2}

TORSIONAL STIFFNESS, G3 (lb-in 2) 2.87 x 106 5.61 x 106
0.84 x 106 1.66 x 106

I Laminate: [+I0,+30,+i012

5712z ."
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The second model used was a finite element beam model. The full length of the
tube was used in this model. The beam model was divided into six inch segments. Thus,

the damage could be positioned along the length of the tube model to determine the most
criticallocation.

Using the discreet model in conjunction with the beam model, the analytical
objectives were achieved. From the detailed test specimen model, the degraded stiffness
(El) due to damage was determined. This information can be compared to actual test
results. The degraded stiffness from this analysis was then applied to the full length
model to determine at what compression load collapse occurred.

The detailed model of the six inch test segment was developed with 3-D solid
elements. The ADINA finite element program was used for analysis. The model was fixed
at one end and loaded at the other end. Figure l shows a schematic of the loading and
boundary conditions. The loading subjects the model to combined cantilever bending and
shear. The deflection of the model is then used to determine the effective stiffness of

the segment. In order to verify the model, the results for the undamaged case was
compared to the closed form solution for a cantilevered beam which is:

6 = PI_ 3 + 6PL (l)
3El SAG

Where: 6 = deflection
P = load
L = length
E = effective axial modulus
G = effective shear modulus
I = area moment of inertia
A = tube cross-sectional area

6PL/SAG is included for shear deflection. The comparison between the closed form
solution and the finite element solution was within 1%. The detaUs of this comparison are
presented in Appendix A. Using this technique, the effective stiffness (EI) can be solved
from Equation (l) as:

El = PL ]

Thus, if the shear deflection is assumed to be constant in the presence of damage, the
stiffness (EI) can be calculated from the model. This technique was used to determine
stiffness for different levels of damage.

The beam finite element model was used to predict the critical load at which the
full length truss tube member fails. The model consists of six inch beam segments. The
model has fixed end conditions with an axial load on the end. Figure 2 is a schematic of
the end conditions and loading. The analysis code used was the ADINA finite element

program. In this model, the load is applied incrementally; the analysis code solves for
equilibrium at each load step. When a load step is reached where equiUbrium convergence
is not reached, the solution method assumes that the critical load has been reached, and
the structure is unstable. To verify this model, an undamaged column solution was
compared to the closed form Euler column buckling solution.
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The finite element solution predicted the same critical load as the Euler's equation. The
details of this comparison are shown in Appendix A. To include damage in the model, the
stiffness (EI) is degraded in one of the elements. The stiffness for a damaged state is
predicted using the 6 inch long tube finite element model. From these analysis methods,
it is therefore possible to predict failure loads at different levels of damage in the tube.
This model does not, however, account for the local moment generated at the point of
damage. This moment is due to the eccentricity caused by a shift in the neutral axis of
the tube due to the damage. The induced moment will contribute to a stability failure.
Because this eccentric loading is not analyzed herein, the collapse results are
unconservative.

-8-
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3.0 RESULTS

The analysis approach described in Section 2.0 was used to determine the critical
amount of damage in the truss tubes. Several failure modes were considered prior to
performing the analysis. These failure modes included removal of part of the first wall of
the tube, a hole through the first wall with damage to the second wall, and holes through
both walls. After evaluation, it was concluded that a hole through the first wall was the
most critical case since it produced an unsymmetrical condition in the tube which would
more severely affect the tube stability under compressive loads.

Figure 3 shows an example of the damage modeled in the test specimen model.
The unshaded elements have had their properties eliminated. Damage was modeled on one
side of the tube and the damage zone was located at mid column. Figure 4 is a plot of the
damage area versus the bending stiffness (El). Using these degraded stiffnesses, the
corresponding critical loads were predicted using the column stability model. The results
are presented in Figure 5. Using this plot, the approximate amount of damage to cause
failure at the ultimate load was determined. B_ this analysis approach, the amount of
damage to cause failure is approximately 5.4 in z for the ultimate load. This area is the
total amount of damage including the delamination zone. The two assumptions in the
analysis that most strongly effect the results are: 1) the tube had fixed end conditions,
and 2) the delamination zone is considered to have no residual stiffness.

Using the beam finite element model, the position of the damage along the length
was also varied. Three locations along the length were investigated: l) the end, 2) one
quarter, and 3) halfway. The analysis showed that damage was equally critical at the
center and the ends. The plots in Figures 4 and 5 are for the center position. Damage at
one quarter of the length was found to be less critical. This can be explained by the fact
that the quarter point is an inflection point in a fixed-fixed column, and the moment is
subsequently zero.
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FLgure 3. Damage
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4.0 CONCLUSION

In conclusion, the critical amount of damage to cause failure under the ultimate
load was determined. This area was 5.4 in2 and was located at the center or ends of the
truss member.

The analytical technique developed in this analysis can be used in future truss
tube damage studies. This technique can be applied to different end conditions,
geometries, layup, and materials.

The analysis conducted in this study were for tubes made from AS4/3501-6.
Tubes made using the very high modulus P75/epoxy material will also be tested in the
NASA/JSC test program. Because P75/epoxy composites have much higher stiffness and
lower strength/strain, they would be expected to be more sensitive to impact damage than
lower modulus, high strength materials. Increased damage zones could result in lower
tube stability even though the basic material modulus is high.

The boundary conditions used in this analysis identified the critical location for
damage along the tube length to be at the mid-length and end points. Other boundary
conditions would produce different critical locations along the tube length. In order to
quantify an effective length for damage, it would be necessary to perform a more detailed
study of the effect of boundary conditions on tube damage.

5712z
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5.0 RECOMMENDATIONS

[n the analysis of the six inch specimen, the model was subjected to bending to
determine stiffness (El). During the pre and post characterization of tubes to be
inspected at NASA/JSC, it is recommended that bending tests be conducted. By bending
the test specimen and measuring deflection, the actual tube stiffness can be determined.
This will provide a correlation between analysis and testing. [t is recommended that
bending tests be performed before and after the tube is damaged. Performing a C-scan of
the damage will provide the information for more accurate modeling of damage in the
analysis models. [n addition, by testing tubes in bending, the effects of the delamination
zone on stiffness can be assessed, and this information could be included in analysis
models for more accurate predictions.

Additional analysis of different damage states is an obvious extension of this
work. The damage modeled in this analysis was a penetration and damage zone on one
side of the tube. it is likely that damage will occur on both sides of the tube from a
hypervelocity impact. Using the detailed damage model of the test specimen, this
damage state could be modeled. The same approach to predict the critical load versus
damage area could also be used.

As stated previously, the beam finite element model does not account for the
eccentric loading at the damage zone. To address this problem, some additional analysis
work would be required. One approach to account for eccentricity is to extend the
detailed damage model to the full length of the truss member. This model could then be
incrementally loaded to determine the critical load.

5712z
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APPENDIX A

COMPARISON BETWEEN FINITE ELEMENT & CLOSED FORM SOLUTIONS
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Appendix C - C-Scan Records
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